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1.0 SUMMARY 

This program covers the initial design and development of a 75 watt, 60 GHz 
traveling-wave tube for intersatellite communications to meet the requirements 
of NAS3-23351. The objective frequency band was 59 to 64 GHz, with a minimum 

tube gain of 35 dB. The objective overall efficiency at saturation was 
40 percent. 

The tube, designated the 961H, used a coupled-cavity interaction circuit with 

periodic permanent magnet beam focusing to minimize the weight. For 
efficiency enhancement, it incorporated a four-stage depressed collector 

capable of radiation cooling in space. The electron gun had a low-temperature 

(type-M) cathode and an isolated anode. 

Two tubes were built and tested; one feasibility model with a single-stage 

collector and one experimental model that incorporated the multistage 

collector. The RF performance of these tubes was in basic agreement with the 
electrical design calculations, which demonstrated that a V-band tube using a 
coupled-cavity interaction circuit could be built at this peak power level 

with broad bandwidth. 

There was a problem with an oscillation at the upper cutoff frequency of the 

slot mode, which prevented operation at the design cathode voltage. On future 
tubes, the circuit coupling slot should be modified to shift the frequency a t  

the slot mode to a range where it cannot interact at the desired operating 
voltage. 

The multistage depressed collector functioned fairly well. However, it was 

not fully characterized because the circuit was damaged in test before the 
evaluation was completed. Some modifications to the collector electrode 

configurations and the use of electrode material with low secondary emission 

yield should be considered in the future. 

880 13 4 -X 1 



2.0 INTRODUCTION 

The purpose of the contract effort described in this report was to design, 

build, and test a high power, millimeter-wave, traveling-wave tube in accor- 
dance with the requirements of NAS3-23351 for a 75 watt CW, V-band, inter- 

satellite space communication tube. 
and nominal operating parameters are summarized in Table I. 

The principal objective specifications 

These objectives of high output power and broad bandwidth constitute a con- 

siderable development challenge for a tube in this frequency range. To meet 
these goals, a coupled-cavity slow-wave structure was chosen because of its 

thermal ruggedness and demonstrated capability to achieve the required power, 
bandwidth, and efficiency. 

To achieve the overall efficiency of 40 percent, a velocity taper at the out- 
put of the RF circuit is used to enhance the beam-circuit interaction in con- 
junction with a four-stage depressed collector to recover energy from the 

spent beam. 
b 

The electron beam is generated by a convergent flow electron gun designed to 

operate at approximately 20 kV. 
the beam on and off and providing an ion trap. 
type M, impregnated cathode operating at a current density of 2.0 amperes per 
square centimeter to satisfy the long life requirement. 

It has an isolated anode capable of switching 

It uses a low-temperature, 

Beam focusing is accomplished with a periodic permanent magnet focusing struc- 

ture using samarium cobalt magnets and an integrally brazed pole piece 

assembly. 

In the course of the program, two tubes were built and tested; a feasibility 
model with a single-stage collector and an experimental model with the same 

electrical design that incorporated the multistage depressed collector (MDC). 

BRECEQZNG PAGE BLWW NOT FliMEB 
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TABLE I 
OBJECTIVE TWT SPECIFICATIONS 

RF Characteristics 

Power Output at Saturation 

I 

Frequency 

Gain at Saturation 

Duty Cycle 

Overall Efficiency 

I 

75 watts 

59 to 64 GHz 

35 dB (minimum) 

cw 
40% at saturation 

Electrical Characteristics 

Cathode Voltage -20 kV (maximum) 

Cathode Current 0.070 A 

Body Voltage 

Body Current 

Collector Voltages 

Anode Voltage 

Anode Current 

Filament Voltage 

Filament Current 

Ground 

0.003 A 

5 stages (maximum) 

+200 v 
0.001 A 

6.5 V nominal 

0.5 A nominal 

Ion-Pump Voltage 

Ion-Pump Current 

Mechanical 'Characteristics 

Focusing 

Cooling 

Weight 

3.0 i0.3 kV 

<10 u A  

Periodic Permanent Magnets 

Conduction and 
radiation cooled collector 

15 pounds 

8 80 1 34 -X 4 



ORlGlNAC PAGE 
BLACK AND WHITE PHOTOGRAPH 

The experimental  TWT was packaged f o r  conduction cool ing  the  tube  body and 

r a d i a t i o n  coo l ing  the MDC. 
encouraging, i n  t h a t  they demonstrated t h e  f e a s i b i l i t y  of a 75 wat t ,  broad 

bandwidth space TWT a t  V-band. Sa tura ted  power output  of 75  wat t s  was demon- 

s t r a t e d  over  5.0 GHz bandwidth, and beam focus ing  c a p a b i l i t y  of 97 percen t  

without  RF and 96 percent  wi th  s a t u r a t e d  RF v e r i f i e d  the  v i a b i l i t y  of a high 

r e l i a b i l i t y  space TWT design.  I n  add i t ion ,  an o v e r a l l  e f f i c i e n c y  of g r e a t e r  

than 30 percent  w a s  achieved. 

T e s t  r e s u l t s  on the two TWTs were very 

A photograph of t h e  f i n a l  packaged experimental  TWT wi th  r a d i a t i o n  cooled MDC 

is shown i n  Figure 1. 

The fol lowing s e c t i o n s  d e s c r i b e  t h e  parameter t r ade -o f f s ,  des ign  d e t a i l s ,  and 

performance r e s u l t s  of t h e  961H traveling-wave tube. 

F igure  1 The packaged 961H experimental  model. 

880 13 4-X 5 



3 . 0  TWT DESIGN 

3.1  ELECTRICAL DESIGN 

Since high efficiency tube performance was a major objective, the beam param- 
eters and circuit characteristics were selected to achieve a high basic inter- 
action efficiency. For the present wideband design, a basic efficiency of 

approximately 6 percent was anticipated. 

40 percent, a very efficient multistage collector was clearly required, as 
well as excellent beam focusing. 

I 
I 

To raise the overall efficiency to 
I 

The design approach included using: 

with samarium cobalt magnets in a PPM structure, to achieve high interaction 
impedance with a small beam hole (but compatible with good beam focusing); 
(2 )  a two-step phase velocity taper at the end of the output circuit section 
for enhanced conversion efficiency of beam power to RF output power; and ( 3 )  a 
four-stage depressed collector for efficient recovery of the kinetic power in 

the spent electron beam. 

(1) the maximum magnetic field available 

I 

3.1.1 Parameters of the Focused Electron Beam 

Good focusing of an electron beam requires adequate field strength, for suf- 

ficient confinement force. In PPM focusing, there is also a limitation on the 
length of the magnetic field period, for beam focusing stability. Greater 
magnetic field can be obtained with a longer period, but the period is con- 

strained for stability; therefore, the optimum design is determined by the 

relationship between the obtainable field and the period. 

To produce a high focusing field, a small hole size in the iron pole pieces is 
desired. In the present device, with the focusing structure entirely external 

to the RF circuit, a prelbninary pole piece hole of 0.533 cm (0.210 inches) 
and a somewhat larger magnet hole size were selected. 

rms magnetic field is plotted in Figure 2 as a function of the period of 
The resulting available 

PRECEDING PAGE BLANK NOT FILMED 
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Figure  2 Magnetic f i e l d  v e r s u s  magnet ic  p e r i o d  i n  a PPM s t a c k  
wi th  samarium c o b a l t  magnets.  
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t h e  PPM s t r u c t u r e ,  u s ing  samarium c o b a l t  magnets. The fo l lowing  c o n d i t i o n s  

were assumed: 

1. The maximum f i e l d  i n  t h e  p o l e  p i e c e  was 1.3 Tesla. 

2. The gap-to-period r a t i o  was approximately one- th i rd  f o r  maximum rms 

f i e l d .  Th i s  r a t i o  a l s o  r e s u l t s  in an e s s e n t i a l l y  pu re  s i n u s o i d a l  

f i e l d  v a r i a t i o n  a long  t h e  a x i s ,  so t h a t  t h e  peak and r m s  f i e l d s  are 

r e l a t e d  by E 
t h e  po le  p i e c e s  were so  s h o r t  t h a t  e l i m i n a t i n g  them a l t o g e t h e r  had 

l i t t l e  e f f e c t .  For s i m p l i c i t y ,  t he  f i n a l  d e s i g n  had f e r r u l e l e s s  po le  

p i e c e s .  

I n  the  i n i t i a l  des ign  c o n f i g u r a t i o n ,  t he  f e r r u l e s  on 

3 .  The p o l e  p i e c e s  were smaller than  t h e  magnets ("undercut") by 

15 pe rcen t .  The u n d e r c u t t i n g  enhances the  f i e l d  on the  a x i s  by 

r educ ing  t h e  f l u x  leakage  a t  t h e  po le  p i e c e  o u t e r  r i m .  

The smal l  c i r c u i t  dimensions a t  60 GHz r e q u i r e  a s m a l l  d i ame te r ,  low perveance 

e l e c t r o n  beam. Such a beam i s  a c c u r a t e l y  d e s c r i b e d  by t h e  Herrmann o p t i c a l  
1 t heo ry ,  which i n c l u d e s  thermal  v e l o c i t y  e f f e c t s .  Transverse  thermal  v e l o c i t y  

components are produced a t  e l e c t r o n  emiss ion  from t h e  h o t  ca thode  and enhanced 

by beam compression.  

I n  t h e  Herrmann theo ry ,  t h e  magnet ic  f i e l d ,  B ,  r e q u i r e d  t o  focus an  e l e c t r o n  

beam c a r r y i n g  a c u r r e n t  I and t r a v e l i n g  w i t h  an a x i a l  v e l o c i t y  u i s  g i v e n  by 
0 0 

B 2 = Bb2 + -- 8kT mn 2 ($)+(q2 

800 134-X 9 



where 

e 
m = -  

Here e and m are t h e  e l e c t r o n i c  charge  and mass r e s p e c t i v e l y ,  E 

m i t t i v i t y  of  f r e e  space ,  and k i s  t h e  Boltzmann c o n s t a n t .  

desc r ibed  i n  t e r m s  of  a c e r t a i n  s t a t i s t i c a l  r m s  beam r a d i u s  r de f ined  by 

Herrmann. S p e c i f i c a l l y ,  

is  t h e  per- 
0 

The beam s i z e  i s  

0 

2 2 + 2 0  2 r = r  
0 e 

where r i s  t h e  r a d i a l  p o s i t i o n  o f  an e l e c t r o n  e m i t t e d  from t h e  edge of t h e  

ca thode  w i t h  no t r a n s v e r s e  v e l o c i t y ,  and (5 i s  t h e  r a d i a l  p o s i t i o n  o f  an  elec- 

t r o n  emi t t ed  from t h e  c e n t e r  of  t h e  ca thode  wi th  a thermal  t r a n s v e r s e  v e l o c i t y  

e 

of J;(.,/.- 

The beam s t a r t i n g  c o n d i t i o n s  are s p e c i f i e d  by t h e  ca thode  tempera ture  Tc ( i n  

deg rees  K e l v i n ) ,  t h e  ca thode  ( d i s k )  r a d i u s  rc, and t h e  a x i a l  f i e l d  a t  t h e  ca th -  

ode,  Bc.  For  a PPM system t h e  f i e l d  magnitude B i n  Eq. (1) i s  t o  be  i d e n t i f i e d  

w i t h  t h e  root-mean-square va lue .  

It i s  seen  t h a t  t h e  r e q u i r e d  focus ing  f i e l d  goes up wi th  inc reased  ca thode  

s i z e ,  i n c r e a s e d  ca thode  f l u x ,  and h i g h e r  ca thode  tempera ture  ( a s  w e l l  as w i t h  

reduced beam s i z e ) .  

I n  a PPM focus ing  f i e l d ,  t h e  dynamical s t a b i l i t y  of  t h e  e l e c t r o n  beam invo lves  

the  r e l a t i o n  between t h e  o s c i l l a t i o n  wavelength of t he  r a d i a l  motion i n  t h e  

beam and t h e  pe r iod  o f  t h e  magnet ic  f i e l d .  

beam, an a p p r o p r i a t e  o s c i l l a t i o n  wavelength i s  t h a t  a s s o c i a t e d  wi th  t h e  small- 

ampl i tude  r i p p l e  i n  r g iven  by t h e  a n g u l a r  f requency 

With a h i g h l y  thermal  low perveance 

1 
0 

800134-X 10 



where 

W = q B =  t h e  c y c l o t r o n  frequency.  
C 

The s c a l l o p  wavelength i s  t h e r e f o r e  

I f  A s  i s  l a r g e  i n  r e l a t i o n  t o  t h e  magnet ic  f i e l d  pe r iod  L, t h e  beam w i l l  

e f f e c t i v e l y  e x p e r i e n c e  a n  ave rage  c o n s t a n t  focus ing  f i e l d  o f  magnitude B. As 

h becomes more comparable t o  L, t h e  e l e c t r o n  motion is  more a f f e c t e d  by t h e  

l o c a l  changes i n  t h e  f i e l d .  
S 

When A s  e q u a l s  L, an  u n s t a b l e  beam g e n e r a l l y  r e s u l t s .  To p rov ide  good focus-  

i ng  i t  is t h e r e f o r e  necessa ry  t o  ensu re  some minimum v a l u e  of  t he  r a t i o  A /L.  

Based on p r i o r  e x p e r i e n c e  w i t h  low perveance thermal  e l e c t r o n  beams, t h i s  r a t i o  

was chosen as  1.1 f o r  t h e  p r e s e n t  TWT. 

S 

The fo l lowing  c o n d i t i o n s  summarize t h e  assumptions made i n  d e f i n i n g  t h e  beam 

d e s i g n  i n  t h e  Herrmann theo ry  : 

1. The ca thode  load ing  w a s  chosen a t  2 A/cm2 f o r  long l i f e .  

2 .  With a type  M ca thode  ma te r i a l ,  t h e  ca thode  o p e r a t i n g  tempera ture ,  
0 Tc, was approximate ly  1300 K. 

3 .  The magnet ic  f i e l d  a t  t h e  ca thode ,  B c ,  was ze ro .  

4. The r a t i o  o f  s c a l l o p  wavelength t o  magnet ic  pe r iod ,  As/L,  w a s  t aken  

t o  be  1.1 minimum f o r  s t a b i l i t y ,  as d i s c u s s e d  above. 

880134-X 11 



The l a s t  c o n d i t i o n ,  i n  c o n j u n c t i o n  w i t h  t h e  r e l a t i o n  between t h e  o b t a i n a b l e  

f i e l d  and t h e  magnet ic  p e r i o d  ( F i g u r e  2 ) ,  e s t a b l i s h e s  a unique f o c u s i n g  d e s i g n  

and beam s i z e ,  f o r  a g iven  beam w i t h  c u r r e n t  I and v o l t a g e  Vo. 
0 

The s e l e c t i o n  of  beam v o l t a g e  and c u r r e n t  r e q u i r e s  an e s t i m a t e  of t h e  b a s i c  

e f f i c i e n c y  of  t h e  tube.  This  i s  r e l a t e d  t o  t h e  fundamental i n t e r a c t i o n  

s t r e n g t h  g i v e n  by t h e  P i e r c e ’ s  growth parameter ,  C,  def ined  by 

where R is  t h e  i n t e r a c t i o n  impedance. The i n t e r a c t i o n  impedance, i n  t u r n ,  

depends on t h e  d e s i g n  v o l t a g e  V and t h e  beam h o l e  d iameter ,  2a,  expressed i n  

normalized form through t h e  r a d i a l  p ropagat ion  parameter  Ya. 
0 

Although a s m a l l e r  beam h o l e  g i v e s  h i g h e r  i n t e r a c t i o n  impedance, t h e  beam-to- 

h o l e  r a d i u s  r a t i o  was maintained s m a l l  t o  ensure  e x c e l l e n t  beam t r a n s m i s s i o n  

f o r  e f f e c t i v e  c o l l e c t o r  performance. I n  terms of t h e  t h e o r e t i c a l  d iameter  

t h a t  would t r a n s m i t  99.5 p e r c e n t  of t h e  focused dc beam, 2 r g g e 5 ,  t h e  beam 

f i l l i n g  f a c t o r  was chosen a s  

r / a =  0.85 99.5 

E q u i v a l e n t l y ,  i n  terms of t h e  r a d i u s  t h a t  c o n t a i n s  95 p e r c e n t  of t h e  c u r r e n t ,  

and t h e  Herrmann r a d i u s  r t h e  beam f i l l i n g  f a c t o r s  a r e  r95’ 0’ 

r / a  = 0.64 95 
ro/a = 0.37 

The f i n a l  choice  o f  v o l t a g e  and c u r r e n t  was based on an i t e r a t i v e  process .  An 

upper  v o l t a g e  l i m i t  o f  20 kV w a s  imposed by the s p e c i f i c a t i o n .  This  v a l u e  was 

g e n e r a l l y  i n  t h e  optimum range f o r  h igh  i n t e r a c t i o n  s t r e n g t h .  A nominal v a l u e  

of  19.7 kV was t h e r e f o r e  s e l e c t e d .  The c u r r e n t  (and beam h o l e )  were then  

a d j u s t e d  u n t i l  t h e  r e q u i r e d  o u t p u t  power was obta ined  by l a r g e  s i g n a l  c a l c u l a -  

t i o n s .  This  process  involved t h e  c i r c u i t  des ign ,  which is  d e s c r i b e d  f u r t h e r  

i n  t h e  next  s e c t i o n .  

880134-X 12 



Table I1 summarizes the final beam design parameters based on the assumptions 

described. A magnetic field of 0.307 tesla rms was used. It was obtained 
with a magnetic field period of 0.976 cm (0.384 inch). The dimensions of the 

final magnetic stack are detailed in Figure 3 .  The pole piece size is 
slightly larger than in Figure 2. 

Figure 18 in Section 3.1.3 shows the variation of the statistical radii in the 

optical model as a function of the distance from the cathode, in a PPM design 
where the r radius is fairly flat. 

0 

3.1.2 Circuit Design 

With high efficiency a primary objective, a conventional cylindrical cavity 

configuration with reentrant ferrules was the preferred choice because of its 

high interaction impedance. Furthermore, this approach had low risk, since 
this type of circuit had been successfully used in several MMW TWTs at Hughes, 
up to 95 GHz. 

A second special requirement for the tube was wideband performance. The ulti- 

mate objective was operation over the frequency range from 59 to 64 GHz. This 

requirement of 5.0 GHz bandwidth with high efficiency was challenging for a 

V-band TWT. Thus, a two-tube approach, with one tube covering the range 59 to 
61.5 GHz and the second tube covering 61.5 to 64 GHz, was considered for the 

feasibility demonstration. 

The design bandwidth was limited by the need for tube stability when no extra 

loss was added to the circuit to prevent oscillation at the cavity resonance 

frequency. As the passband is increased to achieve broadband performance, the 
phase velocity at the upper cutoff (the cavity resonance frequency) approaches 
the electron velocity, until at some point the tube becomes unstable. To 
ensure an adequate margin of stability, a cold bandwidth of approximately 

35 percent was selected on the basis of prior experience with other MMW TWTs. 

The circuit was further designed with a phase shift per cavity at midband of 

at least 1.45 radians. This value is somewhat higher than typically used in 

880134-X 13 



TABLE I1 
BEAM D E S I G N  PARAMETERS 

Cathode Voltage,  v k  

Cathode Curren t ,  I k  

B e a m  Perveance,  P 

Cathode Diameter, 2rc  

Cathode Temperature,  Tc 

Focusing F i e l d ,  Bo 

F i e l d  a t  Cathode, B c  

Beam Diameter, 2r0 

Area Compress ion ,  ( r c / r g  5 )  

Magnetic P e r i o d ,  L 

S c a l l o p  Wavelength, A 

S t a b i l i t y  Parameter ,  A / L  

s 

s 

19.7 kV, nominal 

70 mA 

0.0253 x A / V 3 l 2  

0.1057 c m  (0.0416 inch)  

1300 K 

0.307 T , r m s  

0 

0.0198 cm (0.0078 inch)  

38 

0.975 cm (0.384 inch)  

1.083 cm (0.426 inch)  

1 . l l  

880134-X 1 4  



G 1 7000 

MAGNET 

IRON POLE PIECE 

POLE PIECE ID, D1 
MAGNET ID, D2 
POLE PIECE, OD, D3 

MAGNET OD, D4 

0.541 crn (0.213 INCH) 
0.714 cm (0.281 INCH) 
2.700crn (1.063 INCH) 
3.175crn (1.250 INCH) 

POLE PIECE THICKNESS, W 

MAGNET THICKNESS, T 
MAGNETIC PERIOD, L 

0.178 cm (0.070 INCH) 

0.310 cm (0.122 INCH) 
0.976 cm (0.384 INCH) 

Figure 3 Dimensions of PPM focusing array. 

880134-X 15 



h i g h - e f f i c i e n c y  TWTs ( f o r  h igh  impedance), b u t  i t  has  t h e  advantage of  less  

phase v e l o c i t y  d i s p e r s i o n  f o r  improved bandwidth performance. 

The d e s i g n  precedure  w a s  an i t e r a t i v e  process .  Given a v a l u e  f o r  t h e  beam 

c u r r e n t ,  w i th  a ca thode  v o l t a g e  o f  19.7 kV, t h e  beam h o l e  s i z e  was determined 

from t h e  a v a i l a b l e  focus ing  f i e l d ,  as desc r ibed  i n  S e c t i o n  3.1.1. The assumed 

c o l d  bandwidth and phase s h i f t  pe r  c a v i t y  then  al lowed a c a l c u l a t i o n  of t h e  

tube  performance, bo th  a t  sma l l - s igna l  and l a r g e - s i g n a l  o p e r a t i o n .  The d e s i g n  

parameters  were modi f ied  u n t i l  t h e  b e s t  o v e r a l l  RF performance w a s  ob ta ined .  

Although t h e  s p e c i f i e d  g a i n  a t  s a t u r a t i o n  w a s  35 dB minimum, t h e  c i r c u i t  was 

designed f o r  a g a i n  o f  50 dB t o  permi t  convenient  t e s t i n g  wi th  commercially 

a v a i l a b l e  RF sources  a t  V band. 

I n i t i a l l y ,  a beam c u r r e n t  o f  60 mA was assumed i n  a beam h o l e  wi th  a d i ame te r  

o f  0.0533 c m  (0.021 i n c h e s ) .  Th i s  h o l e  s i z e  corresponded t o  a r a d i a l  propagat ion 

parameter Y a  of 1.25 a t  midband. For  a uniform t h r e e - s e c t i o n  c i r c u i t  cen te red  

a t  61.5 GHz wi th  a phase s h i f t  o f  1.451~, t h e  small s i g n a l  g a i n  v a r i a t i o n  was 

c l o s e  t o  10 dB ove r  a 4.0 GHz bandwidth. Although a two-step v e l o c i t y  t a p e r  

gave adequate  o u t p u t  power o f  84 W a t  midband, a 5.0 GHz bandwidth could  n o t  be  

achieved  w i t h  t h i s  des ign .  A b r i e f  i n v e s t i g a t i o n  o f  a c i r c u i t  w i th  t h e  phase 

s h i f t  i n c r e a s e d  t o  1.51~, which had lower g a i n  p e r  c a v i t y  and e f f i c i e n c y  due t o  

smaller i n t e r a c t i o n  impedance, showed no promise of improved bandwidth. 

The major e f f o r t  w a s  then  c o n c e n t r a t e d  on op t imiz ing  t h e  performance over  a 

3 GHz band. S e v e r a l  v e l o c i t y  t a p e r  combinat ions were eva lua ted .  The beam 

c u r r e n t  was a l s o  i n c r e a s e d ,  f i r s t  t o  65 mA wi th  a beam h o l e  d iameter  of 

0.0546 cm (0.0215 inches )  and then  t o  70 mA wi th  a beam h o l e  of  0.0549 cm 

(0.022 i n c h e s ) .  F i n a l l y ,  t h e  c e n t e r  f requency was r a i s e d  t o  62.75 GHz ( t h e  

midband o f  t h e  upper h a l f  o f  t he  t o t a l  59 t o  64 GHz range ) ,  r e t a i n i n g  a phase 

s h i f t  v a l u e  o f  1.45 TI r a d i a n s  p e r  c a v i t y .  

Table  I11 l i s t s  t h e  b a s i c  i n t e r a c t i o n  parameters  of  t h e  f i n a l  des ign .  The 

c a l c u l a t e d  performance of t h e  b e s t  d e s i g n  i s  d i s p l a y e d  i n  F igu res  4 and 5. 

Curves of o u t p u t  power v e r s u s  RF d r i v e  power are p l o t t e d  i n  F igure  4 f o r  

several f r e q u e n c i e s  cove r ing  a 5.0 GHz range  c e n t e r e d  a t  62.75 GHz, wh i l e  
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TABLE I11 
CAVITY AND RF INTERACTION PARAMETERS 

Cathode Voltage,  vk 

Cathode Curren t ,  I k  

Beam Perveance, P 

Center  Frequency, fo  

Cold Bandwidth, Bc  

Cavi ty  P e r i o d ,  Lc 

B e a m  Hole D i a m e t e r ,  2a 

Beam F i l l i n g  F a c t o r ,  ro/a 

A t  Center  Frequency: 

Phase S h i f t I C a v i t y ,  BLc 

Pierce Impedance, K 

R a d i a l  Parameter ,  ya 

Loss /Cavi ty ,  Lcav 

19.7 kV nominal 

70 mA 

0.025 x A / V 3 l 2  

62.75 GHz 

35 % 

0.0922 c m  (0.0363 inch)  

0.0559 cm (0.0220 inch)  

0.36 

1 .45  n r a d i a n s  

8.18 ohm 

1.33 

0.037 dB 
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60 

40 

20 

0 

FREQUENCY (GHz) 

61.25, 

v k  = 19.63 k V  

lk = 70mA 

-15 -10 -5 0 5 10 15 

R F  D R I V E  POWER (dBm) 

Figure  4 Calcu la t ed  o u t p u t  power v e r s u s  RF d r i v e  a t  several f r e q u e n c i e s  
over  a 5 GHz band c e n t e r e d  a t  62 .75  G H z .  
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Figure 5 Calculated output power, and saturated and 
small s ignal  gain versus frequency. 
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the saturated output power versus frequency is shown in Figure 5a. The output 

power at two fixed drive levels has also been plotted. An expected power loss 
of 0.2 dB in the output coupler and window has been included. A minimum of 
75 W is obtained over approximately 3.5 GHz at a basic efficiency of 

5.5 percent, while the peak output power is 92 W corresponding to 6.7 percent 
efficiency. Figure 5b exhibits the saturated and small-signal gain over a 
5.0 GHz range. The RF circuit had a total of 169 cavities, including couplers 

and termination cavities, distributed over three sections. Toward the end of 

the output section, the phase velocity (cavity period) was reduced in two 

steps to 98 and 96 percent of the original value. 

Figure 6 shows the frequency-versus-phase ( w - 6 )  characteristics of the final 

V-band circuit. It was actually measured with scaled cavity parts at X-band. 
The required cavity configuration was determined by iteratively adjusting the 

coupling hole angle and cavity gap in the X-band parts. The final cold 
bandwidth was 3 4 . 9  percent. Over the operating frequency range, the w-@curve 

was essentially indistinguishable from the one assumed in the design analysis. 
Figure 7 shows the variation of Pierce's interaction impedance, phase shift 

per cavity, and phase velocity with frequency. The experimental impedance 
data were consistent with the values used in the analysis. 

Slot mode stability and cavity redesign 

The two TWTs that were built and tested both oscillated when operated with a 

cathode voltage near the design value of -19.7 kV. However, the TWTs were 

stable at some lower and higher values. The RF circuits of the tubes were of 

identical design, although the output section of the first TWT had a bad 
mismatch. 

Both tubes also exhibited an anomalous power hole at about 65 GHz.  Figure 8 

shows the RF performance of the second TWT at two values of the cathode 
voltage, 19.3 kV and 20.3 ktr. A t  the lower operating voltage, the per- 

formance has shifted up in frequency (to a center frequency of 66 GHz), 
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PHASE SHIFTICAVITY, &In 

Figure  6 The w-B curve  of  t h e  961H, des igned  t o  o p e r a t e  ove r  
t h e  upper h a l f  of t h e  t o t a l  59 t o  64 GHz range .  
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the bandwidth is wider (a full 5 GHz), and the gain and saturated output power 

are generally less. With constant drive, the power has a sharp dip just below 

65 GHz. * 

The reason for both the instability and the anomaly at 65 GHz is evident from 

the frequency-versus-phase ( w - 6 )  curves and line of constant phase velocity 
("voltage line") plotted in Figure 9. The upper cutoff of the slot mode, 

which is a high impedance point, lies almost exactly (and accidentally) on the 

voltage line passing through the design point, which is indicated by a cross. 

The design point defines the phase shift per cavity at center frequency. In 
the 961H, which was intended to operate over the upper half of the total 

5.0 GHz band (i.e., the range of 61.5 to 6 4  GHz), the center design frequency, 

62.75 GHz, was placed at a phase shift per caivty of 1.45 IT radians. 

Hence, at the nominal design voltage of 19.7 kV, the tube oscillated at the 
upper cutoff of the slot mode (130 GHz).  As the voltage was changed away from 

this value in either direction, the voltage line moved away from the high 
impedance point until the oscillation could not sustain itself. The tube 

would then perform normally, except possibly when the cutoff frequency was 
induced by harmonic interaction, i.e., when the tube was operated at 65 GHz. 

The mechanism is the excitation on the electron beam of harmonic current com- 

ponents because of nonlinear effects at large-signal levels. (At low RF 

drive, the gain curve showed no clear-cut anomalous behavior. See Figure 52 
in Section 4.) If an upper passband provides amplification of the harmonic 

signal component, the beam modulation is changed, disturbing the growth of the 

signal at the fundamental frequency. 

-- 
*The anomalous behavior is better illustrated in Figures 53, 56, 57 and 58 

where the swept output power is plotted for several drive levels. Although a 

power dip also appears at 61.5 GHz with 20.3 kV cathode voltage, it is of a 

different nature, as may be seen in Figure 55. Note that in all these 

figures, the calibration lines drawn in Figure 58 are implicitly understood. 
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The cure for both problems is to shift the slot mode down in frequency, such 

that the entire harmonic operating frequency range is above the upper cutoff. 

A modified circuit was designed to successfully accomplish the shift. The 
resulting w-B characteristics, which were actually measured with scaled X-band 

parts, are also plotted in Figure 9. The modification consisted principally 
of narrowing the radial width of the coupling slot and decreasing the slot 
angle (from 144O to 136O). The V-band dimensions for both circuits are 

detailed in Figure 10. 

On the modified circuit, additional objectives were to shift the center 

Operating frequency back to 61.5 GHz, increase the phase shift to 1.47 T I ,  and 
raise the operating voltage to 19.7 kV. This required an increase in the 

cavity period and the cavity diameter. The measured circuit had a phase shift 

of 1.448r at 61.5 GHz and a somewhat smaller cold bandwidth (33.7 percent com- 
pared to the original 34.9 percent). By increasing the coupling hole angle 
from 136O to 138O, the bandwidth will increase to about 35.0 percent and the 

phase shift at 61.5 GHz will become approximately 1.47~. The slot mode will 
also shift down somewhat. The voltage line through the new design point will 
now be a little lower, crossing the 3n phase shift line at 125.5 GHz. This is 
still well above the upper cutoff of the slot mode at 115 GHz. 

The data demonstrate that the slot mode oscillation can be readily eliminated, 
even in designs with a larger phase shift per cavity. It is worth noting that 
oscillation at the lower cutoff of the slot mode will not occur, even if this 
cutoff happens to be on the voltage line. This is because the interaction 

impedance at the lower cutoff is zero due to vanishing electric field on the 

axis. 

3.1.3 Electron Gun and Magnetic Entrance Conditions 

The model 262B electron gun was designed for use on the 9612 traveling-wave 

tube and integrated into its magnetic focusing system. The focusing system 

utilizes periodic permanent magnets to produce a sinusoidal, axial field with 

peak strength of 0.43 tesla, the minimum field strength required. In order to 

focus with this magnitude of magnetic field, a carefully designed pole piece 
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G167758 

I-h-t 44- 

DIMENSION 
ORIGINAL 

DESIGN 
MODIFIED 

DESIGN 

21-1 - cm (IN.) 
2'2 - cm (IN.) 
2'3 - cm (IN.) 
2 r -  - cm (IN.) 
2 r +  - cm (IN.) 

8 - rad (O)  

Pc - cm (IN.) 
h - cm (IN.) 

t - cm (IN.) 

g - cm (IN.) 

0.0559 (0.0220) 
0.0834 (0.0340) 
0.2134 (0.0840) 

0.1016 (0.0400) 
0.2134 (0.0840) 
2.513 (144O) 
0.0922 (0.0363) 
0.0706 (0.0278) 
0.0216 (0.0085) 
0.0290 (0.01 14) 

0.0559 (0.0220) 
0.0834 (0.0340) 
0.2205 (0.0868) 
0.1407 (0.0554) 
0.2205 (0.0868) 
2.374 (136O) 
0.0950 (0.0374) 
0.0734 (0.0289) 
0.0216 (0.0085) 

0.0300 (0.01 18) 

F i g u r e  10 O r i g i n a l  and modi f ied  c a v i t y  d e s i g n .  
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and magnetic gun shields were employed to optimize the beam launch conditions 
by minimizing magnetic flux in the cathode region of the gun. 

appropriate magnetic field and designing magnetic elements to realize that 
field proved to be two of the most important tasks of the gun design and gun 
integration effort. 

Determining the 

3.1.3.1 Electron Optics Design - Typically, the electron optics design proce- 
dure, which determines appropriate electron gun electrode shapes, is an itera- 

tive process in which the ideal electrodes are synthesized, analyzed, and 
refined to give practical shapes. The electrode synthesis process yields only 
an approximate starting point for the design. In this instance, the required 
gun characteristics were quite similar to those of an existing gun. 

result, we used the existing gun as a starting point for the new design rather 

than synthesizing entirely new electrode shapes. 

A s  a 

The fundamental distinguishing performance characteristics of an electron gun 
are its area compression (for a given accelerating voltage, the ratio of the 
cathode area to the cross-sectional area of the beam at its electrostatic 

minimum) and its perveance (the ratio of the beam current to the accelerating 
voltage raised to the three-halves power). These characteristics of a gun 

remain unchanged as the size of the gun is scaled to achieve a desired .beam 

size, so it is convenient to catalog guns by these two characteristics. 

The 961H tube requires a 0.070 amp, 19.6 kV electron beam confined within a 

0.0475 cm diameter so that essentially all beam current is contained within 

85 percent of the beam hole diameter. To ensure the long life consistent with 

this tube's intended application, current density at the cathode of the elec- 
2 tron gun is limited to 2 amps/cm . 
-6 having a perveance of 0.0255 x 10 

These requirements dictate an electron gun 

A/V3l2 and an area compression of 38:l. 

Similar electron guns produced at EDD are tabulated in Table IV. Of these 

guns, model 242B has characteristics most similar to those required for the 
961H tube, so this gun was chosen as the basis for the new design, the 

model 262B electron gun. The 242B electrode shapes were scaled by a factor of 

1.2381 to create a preliminary gun design with the desired perveance and area 
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TABLE IV 

SIMILAR ELECTRON GUNS MANUFACTURED AT EDD 

Gun Model Mic roperveance 

I 0.037 I 197B 

24 2B 

223B 

227B 

229B 

0.0266 

0.030 

0.033 

0.030 

Area Compression 1 Tube 

21:l  

45:l  

18.5:l 

18.5:l  

24:l  

284H 

9428 

9 14H 

915H 

9 60H 

compression and the  ca thode  s i z e  needed to  meet t h e  2 A/cmL cathode loading  

c o n s t r a i n t  d i c t a t e d  by l i f e , r e q u i r e m e n t s .  

u s ing  t h e  Herrmannsfeldt  e l e c t r o n  t r a j e c t o r y  t r a c i n g  computer program. The 

e l e c t r o d e  shapes  were then  modified and r eeva lua ted .  

u n t i l  a gun producing a beam of t h e  d e s i r e d  perveance and e l e c t r o s t a t i c  beam 

s i z e  was r e a l i z e d .  

Th i s  p re l imina ry  model was analyzed 

This  p rocess  was r epea ted  

For beams of r e l a t i v e l y  low perveance,  t h e  thermal  v e l o c i t i e s  imparted t o  e l e c -  

t r o n s  a t  the  ca thode  become very  impor tan t  i n  de te rmining  beam s i z e  because 

t h e  space  charge  f o r c e s  i n  t h e  beam a r e  r e l a t i v e l y  weak. 

a very  low perveance beam. A s  a consequence, thermal  v e l o c i t i e s  must be con- 

s i d e r e d  i n  designing the gun. The Herrmannsfeldt code assumes a nonthermal 

beam, so compensation f o r  t h i s  must be made i n  the  des ign  process .  F igure  11 

shows t h e  e f f e c t  of thermal  v e l o c i t i e s  by p l o t t i n g  the  t h e o r e t i c a l  expec ted  

beam s i z e  f o r  t h e  262B e l e c t r o n  gun as a f u n c t i o n  of beam v o l t a g e  as determined 

from t h e  Herrmann o p t i c a l  theory .  The i n c r e a s e  i n  beam s i z e  t h a t  r e s u l t s  from 

thermals  i s  i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  squa re  r o o t  of t h e  a c c e l e r a t i n g  

v o l t a g e ,  so t h e  beam s i z e  f o r  an i n f i n i t e  a c c e l e r a t i n g  v o l t a g e  i s  equa l  t o  

t h a t  of a non-thermal beam. The p r e d i c t e d  thermal  component of beam r a d i u s  a t  

t h e  o p e r a t i n g  v o l t a g e  of 19.6 kV i s  0.014 cm. Figure  12 shows a p l o t  of 

nonthermal  beam t r a j e c t o r i e s  f o r  t h e  f i n a l  2628 e l e c t r o d e  c o n f i g u r a t i o n ,  a s  

produced by t h e  Herrmannsfeldt  code. The nonthermal beam r a d i u s  f o r  t h i s  

des ign  i s  0.0084 c m ,  0.0013 c m  smaller than  t h e  des ign  g o a l  of 0.0097 c m .  The 

The 262B gun produces 
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Figure 11 Predicted beam size of 262B electron gun as 
a function of beam voltage. 
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perveance of this model was correct, however, and we decided to proceed since 
the 0.013 cm discrepancy was well within the design technique’s limits of 
accuracy. 

3.1.3.2 

required to focus an electron beam is a function of the accelerating voltage, 
the beam current density, the transverse velocity content in the beam, and the 

magnetic flux threading the cathode. The accelerating voltage and beam 
current are fixed by the tube requirements, and the transverse velocity 

content of the beam is minimized using the coolest cathode available and 
paying close attention to beam quality. When the cathode flux is zero, the 

beam is said to be Brillouin focused and the focusing field strength required 

is minimized. 

Magnetic Entrance Conditions - The magnitude of magnetic field 

The field strength available for the 961H tube was limited by practical con- 
siderations to 0.435 tesla, which was the field required to achieve Brillouin 
focusing. As a consequence, it was extremely important to minimize flux on 
the cathode. Measurements of representative magnetic circuits were made to 

determine what magnetic structure was necessary to minimize the cathode flux. 

1nitially;we had hoped that the gun pole piece alone would serve to shield 

the cathode from the focusing field and a number of pole piece configurations 

were measured. Figure 13 shows the critical dimensions of a pole piece, and 
Figure 14 shows the magnetic field measured with one of the pole piece 
designs. The flux in the region of the cathode was on the order of 

0.004 tesla or more for these configurations. 

reducing the cathode flux when a pole piece was used alone was to increase the 

outside diameter of the pole piece which became much larger than desirable. 

The most effective method for 

To more effectively shield the cathode, the anode and its support cylinder 
were made of iron. 

reduced to a near zero level at the cathode, but a large peak occurred just 
inside the gun. 

piece, as shown schematically in Figure 15, which reduced th€s peak. Fig- 

ure 16 shows the measured field for the final design. 
the gun is shown in Figure 17. 

This configuration was tested and the magnetic field was 

A cylindrical magnetic shield was then added to the pole 

The field build-up with 
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Based on these measurements of the field in the gun region, a 6.35 cm diameter 
pole piece with a 0.508 cm diameter opening and a 2.54 cm long, 0.127 cm thick 
cylinder were chosen for the final design of the magnetic structure. This 
final pole piece design was then used as input in the Amboss thermal beam 
analysis code. Figure 18 shows a plot of the thermal beam radii as a function 
of distance from the cathode when focused wlth the final magnetic field 

design. Optimum focusing occurred with the gun positioned such that the first 

0.435 tesla peak of the magnet occurred 2.09 cm from the center of the 
cathode. The beam profile plots depict the beam radius in five different 

ways. The plots shows the radii containing 99.5 and 95 percent of the beam 

current, the radii at which current density falls to 1/10 and to 1/20 of its 

peak value for a given distance from the cathode, and r which is primarily 1 0’ 

Figure 19 shows the measured beam current as a function of cathode temperature 

for an accelerating voltage of 10.0 kV. This curve indicates that the cathode 
was well activated during the test and that the gun exhibited the correct 

perveance. Figure 20 shows the measured beam radius as a function of beam 
voltage. The points fall on a straight line on the curve, indicating good 

agreement with the thermal theory. Extrapolation of the measured beam radius 

to 19.6 kV shows a beam size of 0.0160 cm at the operating voltage. The 

design value was 0.0244 cm. The minimum beam radius occurred 1.78 cm from the 
cathode, which is in good agreement with the predicted value. 
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The difference between the measured and predicted value of the minimum beam 

radius may well be accounted for by the measurement and analysis technique. 

The beam size is found by passing an aperture through the beam at a given 
axial position, measuring current density as a function of radial position, 
and then determining the radius at which current density falls to 1/20th of 

its maximum value for the given axial position. This measurement is repeated 

all along the beam until the position with the minimum radius is determined. 

The radius measured, r1/20, does not correspond directly with the radius con- 

taining 99.5 percent of the beam current, which was the radius referenced in 
the design of the gun. Without integrating the current density curves, the 
exact relationship between the two measures of radius cannot be determined 

exactly, but generally r 

excellent performance of the gun on the tube suggests that the agreement 
between practice and theory is quite good. 

contains less than 99.5 of the current. The 1 /20 

3.1.4 Multistage Collector Design 

The multistage collector had four depressed stages. The start-ng point for 
its design was the characteristics of the spent electron beam; principally the 

electron energy distribution. 

Figure 21 shows the calculated spent beam energy distributions at 61.25, 

62.75, and 64.25 GHz, obtained during the original design analysis with the 
one-dimensional coupled-cavity large signal interaction program. The curves 
are the integrated energy distributions at saturation for the corresponding 
frequency cases plotted in Figure 4 .  Characteristically, the knee of the 

energy distribution at the high frequency end is lowest, even though the basic 

efficiency (5.93 percent) is less than at midband and the low frequency end 
(6.69 and 6.01 percent, respectively). The lowest knee, in this case occuring 

at 80 percent at the dc voltage, determines the maximum depression of the 
first stage, to avoid a body current increase due to electron turnaround. On 

the basis of the energy distributions, the nominal depression voltages were 

selected at approximately 78, 82, 87, and 93 percent of the cathode voltage. 

Additional information about the electron trajectories entering the collector 

was obtained with the Detweiler continuous interaction program, which uses a 
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deformable d i s k  r e p r e s e n t a t i o n  of  t h e  e l e c t r o n  beam.3 

i n t o  account  t h e  a x i a l  and r a d i a l  e l e c t r i c  f o r c e s  a s s o c i a t e d  wi th  t h e  propaga- 

t i n g  RF wave and t h o s e  due t o  t h e  space  charge  i n  t h e  bunched beam, 

as the magnet ic  f o r c e s  of t h e  PPM focus ing  f i e l d .  Because t h e  i n t e r a c t i o n  i n  

a c a v i t y  i s  weak a t  MMW f r e q u e n c i e s ,  a cont inuous  wave i n t e r a c t i o n  model des-  

c r i b e s  t h e  a m p l i f i c a t i o n  p rocess  very  adequate ly .  I n  e f f e c t ,  an e q u i v a l e n t  

average  i n t e r a c t i o n  over  a c a v i t y  i s  be ing  c a l c u l a t e d ,  by us ing  t h e  P i e r c e  

impedance of t h e  dominant i n t e r a c t i n g  space harmonic. I n  c o n t r a s t  t o  PPM- 

focused TWTs a t  lower f r equenc ie s ,  where a magnet ic  c e l l  i s  formed a t  each  RF 

c a v i t y ,  atmillimeter-waves a s i n g l e  magnet ic  c e l l  ex t ends  over  s e v e r a l  c a v i t i e s  

(approximate ly  f i v e  i n  t h e  961H). 

c o n s t a n t  over  an  RF c a v i t y .  I n  t h e  absence of r a p i d  s p a t i a l  v a r i a t i o n  of  t h e  

magnet ic  f i e l d ,  l i t t l e  accuracy  i s  l o s t  i n  c a l c u l a t i n g  t h e  e l e c t r o n  t r a j e c -  

t o r i e s  by averaging  t h e  compara t ive ly  weak RF f o r c e s  over  a c a v i t y  pe r iod .  

The c a l c u l a t i o n  t a k e s  

4 a s  w e l l  

The magnet ic  f i e l d  i s  t h u s  r e l a t i v e l y  

Some d a t a  of i n t e r e s t  concern ing  t h e  32 d i s k s  t h a t  were used t o  r e p r e s e n t  an 

RF wavelength of t h e  e l e c t r o n  beam are l i s t e d  i n  Table  V. The t r a j e c t o r y  

a n g l e s  i n  t h e  spen t  beam were less t h a n  4 degrees .  

TABLE V 

ELECTRON DISK DATA OF THE SPENT BEAM 

Parameter  

Disk R a d i i :  

r (cm) 
r ( i n c h )  

Disk Edge T r a j e c t o r i e s :  

S lope ,  d r / d z  

Angle (deg rees )  

~ ~~ 

Maximum 

0.0208 
0.0082 

+O .068 
-0.062 

+3.92 
-3.55 

Average 

0.0101 
0.0040 

-0.002 

-0.13 

S td .  
Devia t ion  

0.0061 
0.0024 

0.039 

2.25 
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With a w e l l - c o n t r o l l e d ,  low perveance beam, t h e r e  was l i t t l e  advantage i n  pre-  

c o n d i t i o n i n g  it by expans ion  and r e c o l l i m a t i o n  i n  a r e focus ing  s e c t i o n  p r i o r  

t o  i n j e c t i o n  i n t o  t h e  c o l l e c t o r .  However, t h e  mechanical  des ign  of  t h e  r a d i a -  

t ion-cooled  c o l l e c t o r  r e q u i r e d  a space  f o r  t h e  e l e c t r i c a l  feedthroughs  between 

t h e  ou tpu t  coup le r  and t h e  c o l l e c t o r  po le  p i ece .  Consequently,  t h e r e  w a s  a 

2.5-cm d r i f t  s e c t i o n  (wi th  a 2.5-mm t u n n e l )  fo l lowing  t h e  ou tpu t  coup le r .  

s e c t i o n  was focused by t h e  same type  of PPM a r r a y  t h a t  focused t h e  c i r c u i t .  

S ince  t h e r e  had t o  be a d r i f t  r eg ion ,  it would have been b e t t e r  t o  t a k e  advan- 

t a g e  of  i t ,  by u s i n g  i t  as a r e f o c u s i n g  r eg ion  and des ign ing  t h e  c o l l e c t o r  

acco rd ing ly .  

i m p r a c t i c a l ,  however. 

This  

The t iming  of  e v e n t s  du r ing  t h e  961H development made t h i s  

The c o l l e c t o r  e l e c t r o d e  des ign  was performed by t r a j e c t o r y  c a l c u l a t i o n s  wi th  

t h e  Herrmannsfeldt  p r ~ g r a m . ~  

Herrmansfeldt  program can be ob ta ined  from t h e  Detweiler d i s k  r e p r e s e n t a t i o n  

of  t h e  spen t  beam i n  s e v e r a l  ways. One method i s  t o  d i v i d e  each d i s k  i n t o  

s e v e r a l  r a d i a l  r i n g s ,  t y p i c a l l y  f o u r  o r  f i v e  ( i n c l u d i n g  a c e n t r a l  d i s k ) ,  and 

r e p r e s e n t  each r i n g  wi th  a s i n g l e  c u r r e n t - c a r r y i n g  t r a j e c t o r y .  

be c o n s t r u c t e d  t o  have e q u a l  c u r r e n t s ,  i n  which c a s e  t h e  r a d i a l  wid ths  w i l l  

dec rease  wi th  i n c r e a s i n g  r i n g  r a d i u s ,  o r  t h e y  can be c o n s t r u c t e d  t o  have e q u a l  

r a d i a l  w id ths ,  w i th  t h e  c u r r e n t  p e r  r i n g  i n c r e a s i n g  wi th  r a d i u s .  Although 

equa l  c u r r e n t  r i n g s  make a q u a n t i t a t i v e  a n a l y s i s  of  t h e  c o l l e c t o r  performance 

eas ie r ,  e q u a l  r a d i a l  wid ths  p rov ide  a more d e t a i l e d  d e s c r i p t i o n  of  t h e  t r a j e c -  

t o r i e s  c l o s e  t o  t h e  a x i s .  These t r a j e c t o r i e s ,  i f  t h e y  a l s o  have low and i n t e r -  

media te  e n e r g i e s ,  a r e  t h e  ones t h a t  a r e  l e a s t  e f f i c i e n t l y  c o l l e c t e d  i n  any 

m u l t i s t a g e  c o l l e c t o r  w i th  r o t a t i o n a l  symmetry. 

a s s igned  c o n s i s t e n t  w i th  t h e  Detweiler laminar  beam model; i . e . ,  t h e  ang le  i s  

t h a t  of t h e  d i s k  edge e l e c t r o n  (ob ta ined  from t h e  Detweiler program) reduced 

i n  p r o p o r t i o n  t o  t h e  d i s t a n c e  from t h e  a x i s .  

Appropr ia te  input  t r a j e c t o r i e s  f o r  t h e  

The r i n g s  can 

The t r a j e c t o r y  ang le s  are 
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Using t h e  method j u s t  d e s c r i b e d ,  t h e  Herrmannsfeldt  t r a j e c t o r i e s  a t  t h e  

c o l l e c t o r  e n t r a n c e  can be  gene ra t ed  f o r  each of  t h e  32 d i s k s  i n  t h e  Detweiler 

spen t  beam. With t h e  computing speed and r e sources  t h a t  are c u r r e n t l y  

a v a i l a b l e ,  a Herrmannsfeldt  run  wi th ,  say ,  160 t r a j e c t o r i e s  i s  by no means 

e x c e s s i v e l y  l a r g e  o r  expens ive .  However, a more e f f i c i e n t  approach i s  t o  

f i r s t  e s t a b l i s h  t h e  e l e c t r i c  p o t e n t i a l  d i s t r i b u t i o n  w i t h i n  t h e  c o l l e c t o r  ( i n  

t h e  presence  of space  charge)  by u s i n g  a beam wi th  a reduced number of energy 

groups.  I n  t h e  p re sen t  case, e i g h t  energy groups were used,  w i th  each energy 

group c o n t a i n i n g  f i v e  t r a j e c t o r i e s .  The e n e r g i e s  were chosen so t h a t  two 

groups would t u r n  around between each success ive  p a i r  of s t a g e s ,  whi le  t h e  

l a s t  two groups had more than  enough energy t o  e n t e r  t h e  l as t  s t a g e .  The 

c u r r e n t s  i n  t h e  groups were a d j u s t e d  so t h a t  t h e  cor responding  energy d i s t r i -  

b u t i o n  conformed as c l o s e l y  as p o s s i b l e  t o  t h a t  c a l c u l a t e d  wi th  t h e  one- 

d imens iona l  l a r g e  s i g n a l  program. I n  p a r t i c u l a r ,  t h e  t o t a l  power i n  t h e  spent  

beam, which i s  g iven  by t h e  area under t h e  energy d i s t r i b u t i o n  curve ,  was 

a d j u s t e d  t o  be t h e  same. I n  e f f e c t ,  t h e  32 d i s k s  were combined i n t o  e i g h t  

"super d i sks" ,  w i t h  r a d i i  and edge t r a j e c t o r y  s l o p e s  r e p r e s e n t a t i v e  of t h e  

o r i g i n a l  d i s k s  i n  t h e  cor responding  energy range.  

Given an  e l e c t r o d e  c o n f i g u r a t i o n  and o p e r a t i n g  v o l t a g e s ,  an i n i t i a l  run  was 

t h u s  made t o  e s t a b l i s h  t h e  p o t e n t i a l  d i s t r i b u t i o n  i n  t h e  c o l l e c t o r  i n  t h e  pre-  

sence  of  space  charge ,  by i n j e c t i n g  a beam de r ived  from t h e  e i g h t  super  d i s k s .  

The r e s u l t i n g  s e l f - c o n s i s t e n t  p o t e n t i a l  d i s t r i b u t i o n ,  ob ta ined  a f t e r  s e v e r a l  

i t e r a t i o n s ,  w a s  t h e n  f rozen .  Subsequent ly ,  t h e  m u l t i p l e  t r a j e c t o r i e s  de r ived  
f o r  each of  t h e  32 d i s k s  i n  t h e  o r i g i n a l  spent  beam model were t r a c e d  ou t  and 

s e l e c t i v e l y  p l o t t e d  i n  s e v e r a l  g raphs .  This  method of a n a l y s i s  w a s  very  e f f i -  

c i e n t ,  because each t r a j e c t o r y  now had t o  be t r a c e d  ou t  on ly  once through the 

c o l l e c t o r  r eg ion .  The s e v e r a l  i t e r a t i o n s  necessa ry  t o  o b t a i n  a s e l f - c o n s i s t e n t  

p o t e n t i a l  i n  t h e  presence  of a l a r g e  number of t r a j e c t o r i e s  were avoided. A t  

t h e  same t i m e ,  t h e  v a l i d i t y  of t he  r e s u l t s  w a s  not  compromised, s i n c e  t h e  

p o t e n t i a l  d i s t r i b u t i o n  i s  r e l a t i v e l y  independent  of t h e  d e t a i l e d  t r a j e c t o r y  

r e p r e s e n t a t i o n  of t h e  spen t  beam. 

8801 34-X 45 



T r a j e c t o r y  c a l c u l a t i o n s  were made f o r  s e v e r a l  fou r - s t age  d e s i g n s ,  w i t h  a 

bucket  as t h e  last  s t a g e ,  and f o r  a f i v e - s t a g e  c o l l e c t o r ,  w i th  a s p i k e  a t  I 

i ca thode  p o t e n t i a l  as t h e  e x t r a  s t a g e .  S e v e r a l  s p i k e  p o s i t i o n s  were e v a l u a t e d ;  

i n  a l l  t h e s e  cases, t h e r e  were always some t r a j e c t o r i e s  c l o s e  t o  t h e  a x i s ,  

which were r e f l e c t e d  back through t h e  a p e r t u r e  of t h e  f o u r t h  s t a g e  by t h e  

s p i k e .  

F igure  22 shows t h e  c a l c u l a t e d  e l e c t r o n  t r a j e c t o r i e s  i n  t h e  f i n a l  four -s tage  

d e s i g n ,  where t h e  l a s t  s t a g e  is a bucket  w i th  a t h i n  vane (0.25 mm t h i c k )  

a c r o s s  i t s  a p e r t u r e .  The purpose of t h e  vane w a s  t o  modify t h e  e q u i p o t e n t i a l  

s u r f a c e s  (and t h u s  t h e  f o r c e  f i e l d s )  a t  t h e  aper ture ,  t o  prevent  turnaround 

e l e c t r o n s  from be ing  r e f l e c t e d  back toward t h e  axis.  The vane could n o t  

a c t u a l l y  be modeled, s i n c e  i t  lacked  c y l i n d r i c a l  symmetry, bu t  t o  some e x t e n t  

i t s  e f f e c t  was inc luded  by e n f o r c i n g  an e q u i p o t e n t i a l  a t  i t s  f r o n t  edge a s  

shown. The aperture of the f i r s t  stage w a s  s m a l l  i n  r e l a t i o n  t o  t h e  c o l l e c t o r  

s ize ,  bu t  s t i l l  more than  f i v e  times l a r g e r  t han  t h e  beam h o l e  d i ame te r .  This 

was done t o  minimize t h e  p r o b a b i l i t y  of e l e c t r o n s  e scap ing  from t h e  depressed  

c o l l e c t o r  back t o  body p o t e n t i a l ;  such r e t u r n  c u r r e n t  is  p a r t i c u l a r l y  undes i r -  

a b l e  when t h e  c o l l e c t o r  i s  s t r o n g l y  dep res sed .  I n  t h e  computer r u n ,  each  of 

t h e  32 d i s k s  were r e p r e s e n t e d  by f o u r  t r a j e c t o r i e s ,  wh i l e  on ly  h a l f  of t h e  

t r a j e c t o r i e s  have been p l o t t e d  i n  t h e  f i g u r e .  

The t r a j e c t o r i e s  f o r  t h e  dc beam, and t h e  co r re spond ing  p o t e n t i a l  

d i s t r i b u t i o n ,  are p resen ted  i n  F igu re  23.  The beam is h e r e  composed of t h r e e  

g roups ,  w i t h  maximum t r a j e c t o r y  s l o p e s  of t h e  edge e l e c t r o n s  of d r / d z  = H.015 
and ze ro .  

On t h e  b a s i s  of t h e  t r a j e c t o r y  c a l c u l a t i o n s ,  w i t h  f o u r  charge  r i n g s  p e r  d i s k ,  

t h e  e s t i m a t e d  c o l l e c t o r  e f f i c i e n c y  was t y p i c a l l y  95 p e r c e n t .  The performance 

was c o r r e c t e d  f o r  emiss ion  of low energy  s e c o n d a r i e s ,  w i t h  an emiss ion  coef -  

f i c i e n t  of u n i t y ,  and inc luded  t h e  e f f e c t  of vane i n t e r c e p t i o n .  To account  

f o r  t h e  e f f e c t  of h igh  energy ( e l a s t i c a l l y  s c a t t e r e d )  s e c o n d a r i e s ,  i t  was con- 

s e r v a t i v e l y  assumed t h a t  2 pe rcen t  o f  a l l  t h e  c u r r e n t  e n t e r i n g  t h e  l a s t  bucket  

s t a g e  r e t u r n e d  t o  t h e  second s t a g e .  
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F i g u r e  22 E l e c t r o n  t r a j e c t o r i e s  i n  t h e  961H f o u r - s t a g e  depressed  
c o l l e c t o r  a t  RF s a t u r a t i o n .  
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F i g u r e  23 E l e c t r o n  t r a j e c t o r i e s  i n  t h e  961H f o u r - s t a g e  depressed  
c o l l e c t o r  w i t h  no RF d r i v e .  
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The o v e r a l l  e f f i c i e n c y ,  q, depends p r i m a r i l y  on t h r e e  performance pa rame te r s  

f o r  a g iven  type o f  TWT: ( 1 )  t h e  b a s i c  e f f i c i e n c y ,  no, (2) t h e  beam t r a n s -  

mis s ion  t o  t h e  c o l l e c t o r  w i th  RF d r i v e  b u t  w i thou t  dep res s ion ,  XRF and 

( 3 )  t h e  e f f i c i e n c y  of  t h e  depressed  c o l l e c t o r ,  n . Since  c o l l e c t o r  e f f i c i e n c y  

is t h e  f r a c t i o n  o f  the k i n e t i c  beam power recovered  by t h e  c o l l e c t o r ,  i t  i s  

necessa ry  t o  e v a l u a t e  t h e  power i n  t h e  s p e n t  beam. 

C 

For t h e  961H, the s p e n t  beam power w a s  c a l c u l a t e d  by s u b t r a c t i n g  t h e  fo l lowing  

q u a n t i t i e s  from t h e  dc beam power: 

1. The RF o u t p u t  power. 

2 .  The i n t e r c e p t e d  beam power. We may s e p a r a t e  t h e  i n t e r c e p t e d  c u r r e n t  

(w i thou t  c o l l e c t o r  dep res se ion )  i n t o  two p a r t s  : t he  i n t e r c e p t i o n  

wi th  no RF d r i v e ,  Iwdc, and t h e  i n c r e a s e  due t o  RF d r i v e ,  A I u R F .  

is customary t o  assume t h a t  t h e  p a r t  I is i n t e r c e p t e d  a t  f u l l  beam 

v o l t a g e  even wi th  RF d r i v e ,  whi le  t h e  p a r t  A I  i s  i n t e r c e p t e d  a t  

somewhat reduced v o l t a g e ,  such as a t  a f r a c t i o n  (1  - qo) of  t h e  dc 

vo l t age .  S ince  i n  t h e  961H, t h e  body c u r r e n t  w i t h o u t  d e p r e s s i o n  on ly  

inc reased  a s m a l l  amount w i t h  RF d r i v e  (from 2.2 mA dc t o  2 . 4  mA w i t h  

RF i n  one t u b e  wi th  a good gun) ,  and s i n c e  t h e  b a s i c  e f f i c i e n c y  was 

small, t h e  f u l l  dc beam v o l t a g e  could  b e  a s s igned  t o  t h e  t o t a l  i n t e r -  

cep ted  c u r r e n t  w i t h o u t  l o s s  o f  accuracy.  

It 

wdc 

uRF 

3 .  The t o t a l  d i s s i p a t e d  RF power. I t  i s  composed of t h e  ohmic s u r f a c e  

l o s s e s  i n  t h e  RF c i r c u i t ,  t h e  power absorbed i n  t h e  t e rmina t ions ,  and 

t h e  power l o s t  i n  t h e  o u t p u t  c o u p l e r  and window. Our p a s t  expe r i ence  

w i t h  V-band TWTs i n d i c a t e s  t h a t  t h e  c o u p l e r  and window l o s s  is  

approximately 0.2 dB, o r  a f r a c t i o n  0.045 of  t h e  RF o u t p u t  power. 

The remaining components are computed w i t h  our  large s i g n a l  code. 

T y p i c a l l y ,  t h e  t o t a l  c i r c u i t  d i s s i p a t i o n  a t  s a t u r a t i o n  is  p r e d i c t e d  

t o  be  about  20 p e r c e n t  of  t h e  RF o u t p u t  power a t  midband and t h e  low 

frequency end of t h e  band, whi le  i n c r e a s i n g  t o  25 p e r c e n t  toward t h e  

h igh  frequency.  
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With t h e s e  assumpt ions  (and ignor ing  t h e  n e g l i g i b l e  RF d r i v e  power i n  t h e  

energy b a l a n c e ) ,  t h e  o v e r a l l  e f f i c i e n c y  i s  

‘ l o  n =  
1 - n c  (XRF - 1.245 ‘l ) 

0 

Solv ing  f o r  t h e  c o l l e c t o r  e f f i c i e n c y  g i v e s  

1 - ‘ l o / ‘ l  
- - 

‘ lC XRF - 1.245 q 0  

These e x p r e s s i o n s  hold  a t  midband and t h e  low frequency end. A t  t h e  h igh  f r e -  

quency end, t h e  f a c t o r  1.245 should b e  rep laced  by 1.295 t o  account  f o r  t h e  

inc reased  d i s s i p a t i o n  power. 

F igu re  24 shows t h e  o v e r a l l  e f f i c i e n c y  as a f u n c t i o n  of c o l l e c t o r  e f f i c i e n c y  

f o r  b a s i c  e f f i c i e n c i e s  of 6 .0  and 6 .5  percent  and RF beam t r a n s m i s s i o n  v a l u e s  

of 97 and 98 p e r c e n t ,  wh i l e  F igu re  25 i s  a p l o t  of t h e  c o l l e c t o r  e f f i c i e n c y  

which i s  necessa ry  f o r  a c h i e v i n g  an o v e r a l l  e f f i c i e n c y  of 40 p e r c e n t .  With 

6.0 pe rcen t  b a s i c  e f f i c i e n c y  and 97 pe rcen t  t r a n s m i s s i o n ,  t h e  r e q u i r e d  c o l l e c -  

t o r  e f f i c i e n c y  i s  95 p e r c e n t .  I f  h e a t e r  power (2 .8  W i n  t h e  961H) is  i n c l u d e d ,  

t h e  r e q u i r e d  v a l u e  is about  a q u a r t e r  of a percentage  p o i n t  h i g h e r ;  i n  equa- 

t i o n  ( S ) ,  t h e  t e r m  P should then be added t o  the numerator.  heater”dc beam 
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F i g u r e  25 C o l l e c t o r  e f f i c i e n c y  r e q u i r e d  t o  achieve 
an o v e r a l l  e f f i c i e n c y  of 40 percent .  
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3 . 2  MECHANICAL DESIGN 

Mechanically, the vacuum envelope of the tube consists of three major compo- 
nents; the RF interaction circuit, the multistage collector, and the electron 
gun. 

magnets, as well as the waveguide transformers and vacuum windows. An 

external baseplate supports the tube and completes the tube package. 

elements are described in more detail in the following sections. 

The circuit portion includes the pole pieces for locating the focusing 

These 

3 . 2 . 1  RF Circuit 

The RF circuit consists of 169 individual copper circuit cavities, including 
the internal sever termination and waveguide matching cavities. The total 

interaction circuit is broken down into three separate sections that are 

terminated internally for stability. A drawing of a typical 961H circuit 
cavity is shown in Figure 26. After the individual parts have been adjusted 

in the matching procedure, they are cleaned and joined together by diffusion 
bonding. 
Alignment of the circuit section is maintained by two sapphire rods at the 

tooling arcs at the edges of the circuit cavities. 

During this process, the parts are assembled on a firing fixture. 

After the circuit section is diffusion bonded, it is brazed to the matching 

waveguide transformer and pole piece. Figure 27 is a drawing of the final 
assembly of the output circuit section. The waveguide match is made through 

the four-step impedance transformer. The waveguide vacuum window will later 

be brazed to the flange of the end of the waveguide transformer section. 
Beyond the transformer at the output end of the tube (the experimental model) 

is a drift section with a series of pole pieces. This section was included to 

provide room to clear the high-voltage terminals from the multistage 
collector. At the beginning of the output circuit section, it is terminated 
in an internal termination. 

A drawing at the termination assembly is shown in Figure 28. The termination 

itself consists of a conically tapered lossy ceramic whose dimensions are 
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Figure  26 T y p i c a l  961H c i r c u i t  s e c t i o n .  
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F i g u r e  28 I n t e r n a l  s e v e r  t e r m i n a t i o n  
subassembly f o r  t h e  961H. 
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determined empirically to provide a good circuit match at the V-band operating 
frequencies. A representative circuit section match is shown in Figure 29. 

As shown, the circuits matched well with less than 20 percent reflection. 

The input and center circuit sections are assembled the same way as the output 

section. The input pole piece configuration is different than that of the 

output. The center section is terminated internally at both ends. 

The separate circuit sections are brazed into the pole piece and sheath assem- 

bly, which completes the vacuum envelope of the circuit by brazing the sheath 
at each end to the waveguide transformer. Figure 30 shows the circuit 

assembly mounted within its brazing fixture, along with the multistage collec- 
tor and collector face assembly (which will be discussed later). 

The periodic permanent magnet focusing structure is an integral part of the RF 
circuit and serves to complete the vacuum envelope as described above. The 

structure also provides alignment and mechanical support to the whole circuit 

assembly. The sheath and pole piece assembly, shown in Figure 31 consists of 
a precision thin wall stainless steel tubing on which alternating iron pole 
pieces and copper spacers are stacked and brazed. Then, after the brazing 

process, the inner diameter of the tubing is honed to ensure a straight, pre- 

cision alignment for the circuit sections. The extensions on the pole pieces 

near the input and output of the circuit are copper cooling fins. 

The waveguide vacuum window, shown in Figure 3 2 ,  consists of a half-wavelength 

beryllia ceramic block. Circular matching irises are incorporated to adjust 

the match of the window to the required frequency band. 

Figure 33 shows the final brazed circuit body assembly with the windows 

installed. Completion of the vacuum envelope of the tube is accomplished by 
welding the circuit body braze assembly to the collector and electron gun 

assemblies. Final stacked brazed VSWR match characteristics were very good, 
less than 20  percent reflection as shown in Figure 3 4 .  
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Figure 30 Photograph of 961H c i r c u i t  assembly i n  t h e  
b raz ing  f i x t u r e  wi th  t h e  c o l l e c t o r  and 
c o l l e c t o r  f a c e p l a t e  assemblies .  
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3 . 2 . 2  Multistage Depressed Collector 

The collector consists of four stages operating at successively higher depres- 

sion voltages. The individual collector electrode stages consist of thin cop- 
per cones. The shapes of the cones were determined in the electrical design 

to optimize efficiency. The collector cones are brazed to the inside diameter 

of an alumina ceramic cylinder. The ceramic gives electrical isolation and 
provides a direct thermal path to the outside. A copper cylinder is brazed 
around the alumina ceramic to make the final vacuum seal. The copper is 

restrained by a molybdenum fixture during the braze to keep it in contact with 
the alumina ceramic. A drawing of the collector subassembly is shown in Fig- 
ure 35. The electrodes are connected electrically through leads fed out 

through high-voltage terminals. In Figure 35, the leads are shown at the 
entrance end of the collector. 

Figure 36 shows the collector with the end cap brazed on. Because of the high 

power that will be dissipated at the back of the collector when the tube is 
operated without RF input, the end cap is constructed of a relatively massive 
plate of copper and a beryllia ceramic ring to conduct the heat to the collec- 

tor's external, radiating surface. External surfaces of the collector are at 

ground potential in this configuration. A thermal analysis of the collector 
is presented in Appendix A. 

Some of the collector parts, including three of the electrodes, are shown in 
Figure 37. Four fins are brazed to the outside of the collector body to 
increase the radiating surface area. The wire leads have not been brazed to 
the electrodes at this stage. The finished collector assembly is shown in 
Figure 30. 

One of the most difficult mechanical design problems was to locate the high- 

voltage collector lead terminals. Because of the high voltages required, the 

terminals had to be relatively large in comparison to the small millimeter- 
wave circuit components. The solution was to mount the terminals in a machined 
faceplate assembly. This assembly serves as a transition between the RF circuit 

and the collector. A drawing of this assembly is shown in Figure 38. The 

feedthrough terminals are brazed onto the iron faceplate, which is a fairly 
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F i g u r e  36 Col lec tor  assembly with end cap of the 961H. 
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Figure  37 Col l ec to r  p a r t s  for t h e  961H. 
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complicated machined part designed to locate the terminals relative to the 

collector leads. 

Final assembly of the circuit is accomplished by first welding the face assem- 

bly to the end of the circuit. Then, the collector is welded to the back of 

the faceplate at the large welding flange area. Next, the individual collector 
electrode leads are welded to the center pins of the feedthrough terminals. 

Finally, the access to the lead wires at the front of the faceplate is closed 

by welding on the annular segment cover. A drawing of the completed assembly 

including the electron gun is shown in Figure 39. Note that the drift section 
beyond the output circuit coupler was required to allow room for the terminals 

and to maintain access to the focusing magnets in that region. Although this 
assembly was quite complicated with several critical weld joints, the fabrica- 
tion proceeded with no significant problems. 

3.2.3 Electron Gun 

The 262B isolated anode electron gun for the 961H is constructed in a conven- 
tional manner for high-voltage guns. A mechanical layout of the gun is shown 

in Figure 40. The internal gun assemblies are mounted in concentric, tapered 

cylinders,'which are welded to the external weld flanges brazed to the ceramic 

insulators. The cathode and focus electrode assembly is attached at the top 

of the gun stem. The heater return is also run to the top through a separate 

weld flange. The anode is connected midway down the insulator cylinder so 

that it is isolated for high voltage from the tube body as well as the 

cathode, allowing the tube current to be completely cut off by the anode. The 

only unique feature of this gun is that the anode and anode support are made 

of iron to magnetically shield the cathode. 

3.2.4 Package 

As mentioned above, completion of the vacuum envelope is accomplished by weld- 

ing the electron gun and collector to the RF circuit. The appendage ion pump 

and the exhaust tubulation are also attached by RF brazing at this final 
assembly. A drawing of the bakeout assembly is shown in Figure 39. The 
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F i g u r e  40 The 262B e l e c t r o n  gun assembly used on t h e  961H. 
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circuit is broken away in this drawing to shown the location of the 

0.2-literlsecond appendage ion pump. 

Figure 41 shows the completed experimental model tube prior to bakeout. The 

tube is resting on the collector end, and the package baseplate and window 
brackets are attached temporarily at this time to support the circuit 
structure. 

After bakeout, the exhaust tubulation is pinched off  and the tube is mounted 

in a test fixture that supports the tube while the focusing magnets are 
+ installed and during initial electrical testing. When the initial tests are 

completed, the tube is packaged in its final configuration for final testing ' and shipping. The package consists essentially of a baseplate and mounting 

brackets to rigidly hold the tube circuit through the various environmental 
requirements. The baseplate is attached to the collector through isolating 
standoffs to reduce the amount of heat flowing from the collector to the tube 

body and the spacecraft. A layout of the tube and package, with the circuit 
cover removed, is shown in Figure 42.  

mental TWT is shown in Figure 4 3 .  

A schematic of the packaged experi- 
This TWT weighs approximately 15 pounds. 

A photograph of the packaged tube is presented in Figure 44. The collector 

will be painted white to optimize the heat radiation. This package was 
designed for laboratory testing and handling. For a final flight model, the 

package design must be refined to provide support for the electron gun. 
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Figure  4 1  Experimental  model p r i o r  t o  bakeout 
for the 961H. 
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Layout of 961H i n  f i n a l  package without the  c i r c u i t  cover. 
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Figure  4 3  Schematic of packaged 961H experimental  TWT. 
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Figure  44 Photograph of conduction cooled body/ 
r a d i a t i o n  cooled c o l l e c t o r  961H TWT. 
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4.0 TWT PERFORMANCE 

Two tubes were constructed and tested. The first tube was a feasibility model 
to demonstrate the basic electrical and RF design approach, and it used a 
single-stage collector. The second was an experimental model, based on the 

results of the first tube, that incorporated the multistage depressed 

collector. Both tubes used the identical RF circuit configuration that was 

designed to operate over the top half of the objective frequency band. 

4.1 FEASIBILITY MODEL 

Figure 45 is a photograph of the feasibility model tube mounted in a triangu- 
lar handling fixture. The isolated anode electron gun is at the right; the 

single-stage depressed collector is at the left. The focusing magnets have 

not been installed in the integral pole piece circuit support structure. 

Figure 46 shows the tube on the test stand with the focusing magnets and some 
magnetic shunts installed. The electron gun is at the bottom; the collector 

is at the top. Auxiliary cooling fins are attached to the collector for 

thermal dissipation. 

Various operating data were obtained under low duty cycle pulsed conditions. 

The electron gun and beam focusing performance agreed well with the design 

parameters. At a cathode voltage of -19.5 kV, without RF drive 97 percent 

beam transmission to the collector was achieved (0.002 A body current out of 

0.073 A total cathode current). 
increased to only 0.003 A. 
tial. 

With RF drive at saturation, the body current 

This was with the collector voltage at body poten- 

This is excellent beam focusing for a high power MMW TWT. 

Two problems were encountered with the 961H feasibility model that prevented 
it from achieving the full performance expectations. The first was an 

assembly problem. During the circuit braze, the RF match in the output 
section deteriorated. 

voltage reflection across the operating band. Consequently, the tube had 

relatively large fine grain gain variations and was unstable at higher cathode 

voltages. 

The final match of the tube was about 35 to 40 percent 
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Figure  45 961H f e a s i b i l i t y  model t ube  without  focus ing  
magnets mounted i n  t r i a n g u l a r  support  f i x t u r e .  
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Figure 46 961H f e a s i b i l i t y  model i n  e l ec tr i ca l  tests. 
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The second problem was related to the basic circuit design. 

passband associated with the cavity coupling slot happened to be located in 
such a frequency range that the phase volocity line at the design operating 

voltage of 19.7 kV passed exactly through the upper cutoff of the slot mode. 
This is a high impedance point. Consequently, the tube oscillated (at the 

slot mode frequency) at the cathode voltage for which it had been designed. 
Figure 9 shows the phase shift-versus-frequency data for the fundamental ' 

operating mode and for the slot mode frequency band with a reference velocity 

line corresponding to a 19.7 kV beam. 

The higher order 

No performance data could be obtained at the design cathode voltage of 19.7 kV 

because of the slot mode oscillation. Stable performance was achieved at a 

cathode voltage of 19.3 kV. 
drive is shown in Figure 47. Saturated power output performance is shown in 

Figure 48. 
lower cathode voltage. However, a very broad bandwidth of over 5 GHz was 
obtained. The circles indicate saturated power output. 

A graph of swept output power at a constant input 

The frequency band center is higher than the design because of the 

There is a sharp dip in the passband near 65 GHz.  This is due to an interac- 

tion with the slot mode, which has an upper cutoff at 130 GHz,  that prevents 

the normal gain and efficiency to occur at this subharmonic frequency. 

Body current as a function of collector depression voltage is shown in Fig- 
ure 49. 
saturation at 64, 66, and 68 GHz. 

cycle. 

Curves are shown for depression without RF drive and with RF drive at 
The tube was operated at 1 percent duty 

At cathode voltages above 20 kV, the tube oscillated without RF drive at an 

oscillation frequency of about 61.5 GHz, where the gain is very high, but it 
did not seem to oscillate in the slot mode. The regenerative oscillations 

were due to the poor output circuit match and the high gain at the higher 

cathode voltage. These oscillations could be driven out with RF input drive. 

At a cathode voltage of -20.0 kV, a peak power of over 110 watts was obtained, 

and the passband shifted down in frequency compared to the -19.3 kV performance. 
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Because of t h e  poor c i r c u i t  match and t h e  h igh  g a i n ,  t h e r e  were l a r g e  g a i n  

v a r i a t i o n s  a t  t h i s  h i g h e r  v o l t a g e .  

A f t e r  t h e  i n i t i a l  low du ty  c y c l e ,  pu lsed  d a t a  were taken  t o  c h a r a c t e r i z e  t h e  

b a s i c  tube  performance,  t h e  du ty  c y c l e  was g r a d u a l l y  inc reased  t o  p rocess  t h e  

tube  toward CW o p e r a t i o n .  The tube  was run  f o r  s e v e r a l  days wi th  t h e  ra te  of 

i n c r e a s i n g  t h e  d u t y  c y c l e  c o n t r o l l e d  so t h a t  t h e  a l lowab le  ion  pump c u r r e n t  

would n o t  be exceeded ( i n t e r n a l  tube  g a s  p r e s s u r e ) .  I f  t h e  du ty  c y c l e  

inc reased  too  f a s t ,  t h e  ion  pump c u r r e n t  and t h e  tube  body c u r r e n t  would 

i n c r e a s e  and t r i p  t h e  p r o t e c t i v e  c i r c u i t r y .  The tube  was processed  t o  85 per-  

c e n t  d u t y  c y c l e  a t  a 500 microsecond pu l se  width wi th  f u l l  ca thode  c u r r e n t  a t  

-19.3 kV ca thode  v o l t a g e ,  bu t  wi thout  RF i n p u t .  During t h i s  p r o c e s s i n g ,  

-11 kV was a p p l i e d  t o  t h e  c o l l e c t o r .  Add i t iona l  ag ing  was s t i l l  r e q u i r e d  t o  

a l low o p e r a t i o n  w i t h  RF a t  t h e s e  h igh  du ty  c y c l e s .  A t  t h i s  p o i n t ,  t h e  tube  

w a s  t u rned  on CW, w i t h  nega t ive  anode v o l t a g e  a p p l i e d  t o  reduce the beam 

current and beam power. F igu re  50 i s  a p l o t  of ca thode  and body c u r r e n t s  as a 

f u n c t i o n  of anode v o l t a g e  t aken  under  pulsed  c o n d i t i o n .  

w e l l  behaved over  t h e  f u l l  range of anode v o l t a g e  from c u t o f f  t o  f u l l  

o p e r a t i n g  beam perveance.  

The body c u r r e n t  was 

A f t e r  t h r e e  days  of ag ing  wi th  t h e  anode v o l t a g e  g r a d u a l l y  reduced,  t h e  anode 

v o l t a g e  reached -2.5 kV wi th  a ca thode  c u r r e n t  of 62 mA (compared t o  a f u l l  

ca thode  c u r r e n t  of 74 mA).  A t  t h i s  p o i n t ,  t h e  power supply  shu-t down. The 

f a s t  body c u r r e n t  p r o t e c t i v e  c i r c u i t r y  and t h e  ion  pump c u r r e n t  i n t e r l o c k  both  

f i r e d .  When t h e  tube  was tu rned  back on w i t h  h igh  anode v o l t a g e  t o  l i m i t  t h e  

ca thode  c u r r e n t ,  t h e  body c u r r e n t  was much h i g h e r  t han  i t  had been. The tube  

was then  checked a t  low d u t y  c y c l e  pulsed c o n d i t i o n s .  The beam t r a n s m i s s i o n  

w a s  ve ry  poor;  v i r t u a l l y  no beam c u r r e n t  reached t h e  c o l l e c t o r .  The c i r c u i t  

had a p p a r e n t l y  me l t ed ,  bu t  i t  was no t  clear e x a c t l y  what had happened. The 

p r o t e c t i v e  c i r c u i t r y  on t h e  power supply  was checked and appeared t o  be 

o p e r a t i n g  p r o p e r l y .  S ince  t h e  tube  had been running wi thout  RF inpu t  a p p l i e d ,  

any damage r e s u l t i n g  from beam power i n t e r c e p t i o n  was expec ted  t o  occur  on t h e  

i n p u t  s e c t i o n  of t h e  c i r c u i t .  However, t h e  RF match of t h e  i n p u t  s e c t i o n  was 

checked, and i t  w a s  s t i l l  very  good and appeared unchanged. The RF match of 

t h e  o u t p u t  s e c t i o n  appeared t o  have degraded ,  bu t  t h e  match of t h e  ou tpu t  w a s  
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poor after assembly. Consequently, it is difficult to say whether the change 

was significant. 

Attempts to refocus the beam by changing the magnet stack and shunts were 

unsuccessful. No additional performance data could be obtained on the feasi- 
bility mode. The collector was subsequently removed, and the circuit was found 

to be melted at the output end of the tube. 

580134-X 84 



I 

I 4.2 EXPERIMENTAL MODEL 

I 

I 

Figure 51 is a photograph of the experimental model tube mounted in its 
rectangular support fixture ready for electrical tests. The focusing magnets 
are installed. 

I 
I 
I 

The circuit assembly proceeded very smoothly for this tube, even though the 
mechanical construction was more complicated than the feasibility model. The 

input and output RF matches did not exceed 20 percent voltage reflection coef- 
ficient over the operating band, and the elaborate multistage collector 
assembly also was fabricated with no serious problems. 

I 

I 

The basic RF performance agreed well with the feasibility model tube. Because 

of the improved RF matches, the gain variations were reduced and the tube was 

more stable. It was stable to -21 kV cathode voltage without RF drive. At 
-19.7 kV, however, it exhibited the same oscillation problem associated with 

the slot mode. (S/N 1 and SIN 2 were built to the same RF circuit design.) 

The gun perveance of the experimental tube was lower than designed and the 

beam did not focus as well as in SIN 1. Consequently, the power output was 
reduced and the depressed collector efficiency performance could not be demon- 

strated unambiguously. A review of the gun assembly record suggests that the 
perveance was low because the cathode was set slightly back behind the back 

edge of the suppressor (focus electrode). A recent computer study of l o w  per- 

veance guns indicates that the cathode to focus electrode position is a sensi- 
tive dimension in determining the gun perveance, even if the cathode-to-anode 
spacing is set correctly. 
difficulty. 

This discrepancy might also explain the focusing 

Figures 52 and 53 show small signal gain and peak power output versus 
frequency for the experimental model at a cathode voltage of -19.3 kV. 

data were taken at 0.5 percent duty cycle by pulsing the cathode voltage. 
cathode current was only 58.8 mA, and the body current without RF input was 

6 . 6  mA. 

The 

The 
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Figure 51  961H experimental  model mounted i n  r e c t a n g u l a r  
support  f i x t u r e  w i t h  focusingmagnets  i n s t a l l e d .  
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Figures  54 and 55 show similar d a t a  a t  a ca thode  v o l t a g e  of -20.3 kV. 

g a i n  i s  h i g h e r  and t h e  bandwidth is narrower than  a t  a lower ca thode  v o l t a g e .  

This power w a s  a l s o  lower than  t h a t  f o r  t h e  f e a s i b i l i t y  model because of t h e  

low perveance and poor focus ing .  The ca thode  c u r r e n t  was 66 mA, and t h e  body 

c u r r e n t  w i thou t  RF was 9 mA wi th  t h e  anode a t  body p o t e n t i a l .  

The 

I 
1 

I A t  t h e  lower ca thode  v o l t a g e  of -19.3 kV, some d a t a  were taken  wi th  t h e  anode 

ope ra t ed  a t  a p o s i t i v e  v o l t a g e  t o  i n c r e a s e  t h e  beam c u r r e n t  c l o s e r  t o  t h e  

d e s i g n  perveance.  The t r a n s m i s s i o n  d i d  no t  improve, bu t  t h e  power ou tpu t  

i n c r e a s e d .  

i 
Figure  56 shows power ou tpu t  w i t h  t h e  anode v o l t a g e  a t  +3000 V a t  a ca thode  

v o l t a g e  of -19.3 kV, wi th  beam c u r r e n t  of 72.8 mA. S i m i l a r  d a t a  wi th  an anode 

v o l t a g e  of +3500 V are shown i n  F igure  57 wi th  beam c u r r e n t  of 74.8 mA. 

The o u t p u t  power is  no t  e x a c t l y  as shown on t h e  swept cu rves  i n  F i g u r e s  52 t o  

57, because t h e  l o s s  i n  t h e  tes t  system ou tpu t  l e g  v a r i e d  wi th  f requency .  

F igu re  58 shows t h e  c a l i b r a t i o n  c o r r e c t i o n  superimposed on t h e  l i n e a r  g raph ,  

w i t h  a s i n g l e  swept curve  a t  a c o n s t a n t  RF i n p u t  of -1 dBm, Vk = -19.3 kV and 

Ea = +3000 V. 

Sa tu ra t ed .power  o u t p u t  d a t a  taken  p o i n t  by po in t  w i th  EA = +3000 V and 

EA = 0 V are shown i n  F igu re  59. 

Measurements of c o l l e c t o r  c u r r e n t  d i s t r i b u t i o n  were made w i t h  v a r i o u s  v a l u e s  

of  c o l l e c t o r  v o l t a g e ,  to e v a l u a t e  t h e  performance of t h e  m u l t i s t a g e  dep res sed  

c o l l e c t o r  a t  a number of f r e q u e n c i e s .  These measurements are desc r ibed  a t  t h e  

end of t h i s  s e c t i o n .  

All of t h e  above tube  o p e r a t i o n  was done a t  low du ty  c y c l e  of about  1 p e r c e n t .  

Attempts  t o  s i g n i f i c a n t l y  improve t h e  beam t r ansmiss ion  by r e p l a c i n g  t h e  mag- 

n e t i c  f o c u s i n g  s t a c k  were u n s u c c e s s f u l .  Since i t  would have been dangerous t o  

t r y  t o  run  t h e  tube  CW w i t h  h igh  body c u r r e n t ,  w e  decided to a t t e m p t  t o  regun 

t h e  tube  u s i n g  t h e  e l e c t r o n  gun from t h e  f e a s i b i l i t y  model. (That gun had t h e  

c o r r e c t  perveance and focused w e l l  on t h e  f e a s i b i l i t y  tube  b e f o r e  t h e  c i r c u i t  

was damaged.) Unfo r tuna te ly ,  a vacuum l e a k  developed i n  t h e  gun stem when i t  

was removed from t h e  f e a s i b i l i t y  t ube ,  so i t  could  no t  be used. 
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Therefore, the experimental model was later regunned with a new electron gun. 

The new gun had higher perveance and much better focusing than the original 
engineering model gun. 
without RF or collector depression voltages was 2 milliamperes. Figure 60 

shows preliminary, low duty cycle curves of power-out versus frequency with 

constant input power at a cathode voltage of -19.3 kV. The collectors were 

tied together electrically and operated at body potential. 

I 

The beam transmission was very good. The body current 

Only a small amount of low duty cycle data was obtained (including, however, a 
preliminary evaluation of the collector performance). We planned to age the 

tube and increase the duty to a point where the calibrations would be more 
accurate and we could take more extensive performance measurements. 

The duty cycle was gradually raised to 30 percent by increasing the repetition 
rate of the cathode modulator without RF applied. The collector voltages were 

applied to reduce collector heating. Unfortunately, a test failure occurred 

at this point. At 30 percent duty cycle, one of the samarium cobalt focusing 
magnets at the output coupler became dislodged. The protective circuitry shut 

down the modulator power supply. However, this circuitry apparently did not 

operate fast enough to prevent circuit damage. 

After shutdown, the magnet was replaced. The beam transmission had degraded; 

it could not be improved to the low body current that had originally been 
achieved (the lowest body current that could be obtained after extensive 
reshunting was 7 mA, compared to 2 mA before the shutdown). Also, the reflec- 

tion coefficient looking into the output coupler increased to about 50 percent 
at one point in the passband. These changes imply that the output circuit 

structure had been damaged by the intercepted beam current during the 
shutdown. 

The focusing with RF was even worse, so that no additional useful RF operating 

data could be obtained. Attempts were made to run the tube CW without RF. 
However, the duty cycle could not be operated above 25 percent without the 

body current running away. Therefore, tests on the tube were discontinued. 

It was packaged for delivery as a model. 
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M u l t i s t a g e  C o l l e c t o r  Performance 

The fou r - s t age  c o l l e c t o r  on t h e  expe r imen ta l  model TWT was eva lua ted  w i t h  two 

d i f f e r e n t  e l e c t r o n  guns. The f i r s t  gun had poor focus ing  and low perveance ,  

wh i l e  t h e  second gun had e x c e l l e n t  focus ing  bu t  was s t i l l  low i n  perveance 

( a l though  somewhat h i g h e r  t han  t h e  f i r s t  gun).  I n  bo th  cases, c o l l e c t o r  d a t a  

were o n l y  taken  w i t h  z e r o  anode v o l t a g e ,  so t h a t  t h e  s a t u r a t e d  o u t p u t  power as 

w e l l  as t h e  b a s i c  e f f i c i e n c y  were lower than  could  have been ob ta ined  wi th  a 

p o s i t i v e  anode v o l t a g e  and h i g h e r  beam c u r r e n t .  

With t h e  f i r s t  gun, d a t a  were taken  w i t h  a ca thode  v o l t a g e  of -19.3 kV a t  63, 

65.5,  and 68 GHz. Some e f f o r t  was made t o  improve t h e  b a s i c  beam t r a n s m i s s i o n  

wi thout  dep res son  by focus ing  ad jus tmen t s .  As a r e s u l t ,  t h e  o r i g i n a l  body 

i n t e r c e p t i o n  wi thout  d e p r e s s i o n  of 15.8 pe rcen t  wi th  no RF and 16 .3  pe rcen t  

w i t h  s a t u r a t e d  RF w a s  lowered t o  11 .9  and 12.4 p e r c e n t ,  r e s p e c t i v e l y .  

S e v e r a l  sets of c o l l e c t o r  v o l t a g e s  were e v a l u a t e d .  It w a s  found t h a t  t h e  c o l -  

l e c t o r  performed b e s t  when t h e  f i r s t  two s t a g e s  were ope ra t ed  a t  t h e  same 

p o t e n t i a l .  Table  V I  summarizes t h e  b e s t  performance. The d e p r e s s i o n  v o l t a g e s  

were 77.7 pe rcen t  of t h e  ca thode  v o l t a g e  f o r  s t a g e s  1 and 2 ,  88.1 p e r c e n t  f o r  

s t a g e  3 ,  and 95.9 pe rcen t  f o r  s t a g e  4. The body c u r r e n t  a t  a l l  t h r e e  f r e -  

quenc ie s  was 8 . 0  mA, o r  on ly  0 .8  mA h i g h e r  than  wi thout  d e p r e s s i o n .  I f  t h e  

second stage w a s  dep res sed  more than  t h e  f i r s t ,  t h e  body c u r r e n t  was t y p i c a l l y  

9 .0  mA, o r  an a d d i t i o n a l  1 mA h i g h e r .  Because of poor beam t r a n s m i s s i o n ,  t h e  

maximum o v e r a l l  e f f i c i e n c y  was on ly  21.7 p e r c e n t ,  a t  a b a s i c  e f f i c i e n c y  of 

5.88 p e r c e n t .  The e s t ima ted  c o l l e c t o r  e f f i c i e n c i e s  v a r i e d  between 90.3 and 

90.6 pe rcen t  a t  t h e  t h r e e  f r e q u e n c i e s .  

With a second gun on t h e  t u b e ,  and much improved beam t r a n s m i s s i o n  (96.6 per -  

c e n t  dc and 96.3 pe rcen t  w i t h  RF), t h e  c o l l e c t o r  d a t a  were r e p e a t e d ,  t h i s  time 

a t  a ca thode  v o l t a g e  of -19.4 kV. Since  t h e  tube  was ope ra t ed  pu l sed ,  and we 

f u l l y  expec ted  t o  ach ieve  CW o p e r a t i o n  l a t e r ,  on ly  a b a s i c  m a t r i x  of c o l l e c t o r  

d a t a  was t aken  w i t h  no a t t empt  a t  f i n e  tun ing  t h e  performance. Table  V I 1  

shows t h e  d a t a ,  wh i l e  F igu re  61 d i s p l a y s  t h e  b a s i c  and o v e r a l l  e f f i c i e n c i e s  

v e r s u s  f requency .  A t  65.5 GHz, w i th  a s a t u r a t e d  ou tpu t  of 7 7 . 1  W and a b a s i c  
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TABLE V I  

COLLECTOR PERFORMANCE OF THE 961H S/N 2 W I T H  FIRST GUN 

Cathode v o l t a g e ,  Ek (kV) 

Frequency, f (GHz) 

Output  Power , P o u t  (W) 

C o l l e c t o r  v o l t a g e ,  (kV) 

S t a g e  1 

2 

3 

4 

C o l l e c t o r  c u r r e n t  (d) 

S t a g e  1 

2 

3 

4 

( a )  Body c u r r e n t  , Iw (d) 

Cathode c u r r e n t ,  (mA) 

B e a m  power (W) 

Recovered power (W) 

Bas ic  e f f i c i e n c y ,  rl (%) 

O v e r a l l  e f f i c i e n c y ,  rl ( X )  

C o l l e c t o r  e f f i c i e n c y ,  r l c  (%) 

'k 

0 

-19.3 

63 .O 

56.4 

-15 .O 

-15 .O 

-17 .O 

-18.5 

3.6 

16.3 

21.4 

9.5 

8 .o 

58.8 

1135 

838 

4.97 

19 .o 

90.5 

-19.3 

65.5 

66.4 

-15 .O 

-15 .O 

-17 .O 

-18.5 

5.2 

19.5 

17 .O 

8 .a 
8 .o 

58.5 

1129 

822 

5.88 

21.7 

90.6 

-19.3 

68 .O 

61.2 

-15 .O 

-15 .O 

-17 .O 

-18.5 

5.4 

20 .o 

13 .O 

11.5 

8 .O 

57.9 

1117 

815 

5.48 

20.2 

90.3 
~ ~~ 

= 7.2 mA a t  a l l  t h r e e  f r equenc ie s .  
I W  

( a )  Without d e p r e s s i o n ,  

Without RF d r i v e ,  Iw = 6.9 mA wi thou t  d e p r e s s i o n ,  

Iw = 7.9 d w i t h  dep res s ion .  
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TABLE VI1 

COLLECTOR PERFORMANCE OF THE 961H S/N 2 WITH SECOND GUN 

Cathode v o l t a g e ,  Ek (kV) 

Frequency, f ( G H z )  

Output  Power, Pou t  ( W) 

C o l l e c t o r  v o l t a g e ,  (kV) 

S t a g e  1 

2 

3 

4 

C o l l e c t o r  c u r r e n t  (mA) 

S t a g e  1 

2 

3 

4 

( a )  Body c u r r e n t  , Iw (mA) 

Cathode c u r r e n t ,  Ik (mA) 

B e a m  power (W) 

Recovered power (W) 

Bas ic  e f f i c i e n c y ,  n ( % >  

O v e r a l l  e f f i c i e n c y ,  0 (%) 

C o l l e c t o r  e f f i c i e n c y ,  ( X )  

0 

n C  

-19.4 

63 .O 

68.6 

-15.5 

-15.5 

-17 .O 

-18 .o 

9.5 

24.3 

13.8 

14.5 

3.1 

65.2 

1265 

1020 

5.42 

28 .o 

90 .o 

-19.4 

65.5 

77.1 

-15.5 

-15.5 

-17 .O 

-18 .o 

12 .o 

25.3 

10 .o 

14.3 

3.3 

64.9 

1259 

1006 

6.12 

30.4 

90 .o 

-19.4 

68 .O 

60.5 

-15.5 

-15.5 

-17 .O 

-18 .o 

11.9 

23.1 

8.4 

17.9 

3.7 

65 .O 

1261 

1008 

4.80 

23.9 

88.7 
~~ ~ ~~ 

( a )  Without dep res s ion ,  I = 2.4 mA a t  a l l  t h r e e  f r equenc ie s .  
W 

Without RF d r i v e ,  Iw = 2.2 mA wi thou t  dep res s ion ,  

I = 2.9 mA wi th  dep res s ion .  W 
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efficiency of 6.1 percent, the depressed efficiency was 3 0 . 4  percent. If the 

heater power ( 2 . 8  W) is included, the overall efficiency becomes 30.1 percent. 
The collector efficiency was 90.0 percent. It is likely that the collector 
performance would have improved by empirical adjustments of the magnetic field, 
both on the RF circuit and in the drift section beyond the output coupler. 
With the second gun, almost no adjustments were attempted. 

The following commments may be made about the design and performance of the 

961H collector. 

1. The small aperture of the first stage, its short distance to the pole 

piece, and the large depression voltage create a relatively strong 

electric lens. The trajectory angles beyond the first stage will 
then depend on the first stage operating voltage. It was observed, 
for example, that the current to the last two stages consistently 

increased as the depression voltage of the first two stages was 
reduced from -15.5 to -14.5 kV. Ideally, these currents should not 
change. Furthermore, the strong lens will make the performance very 

sensitive to any deviation from concentricity of the first stage 

aperture with respect to the beam axis. 

2. The lens effect at the first stage is likely to be partly responsible 

for the increased backstreaming to body, observed when the second 
stage was depressed more than the first stage. Although the calcu- 
lated trajectories behaved well (Figure 22), there are always some 

low energy electrons that are focused toward the axis. Depressing 
the second stage will shorten the distance that the slow electrons 

travel into the collector. Consequently, they may not drift suffi- 

ciently far away from the axis to avoid falling back through the 
aperture. 

3 .  There is no doubt that treatment of the active collector electrode 
surfaces for low yield secondary emission, such as by texturization 

or carbon deposition, could significantly improve the collector per- 

formance. In particular, the back plate of the last stage would 

benefit from such treatment. 
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To ach ieve  c o l l e c t o r  e f f i c i e n c i e s  of 95 p e r c e n t ,  t h e  s t r o n g  e l e c t r o s t a t i c  l e n s  

e f f e c t  a t  t h e  f i r s t  s t a g e  should  be reduced. One p o s s i b i l i t y  i s  t o  provide  a 

s h i e l d  on t h e  f r o n t  p a r t  of t h e  f i r s t  s t a g e ,  i n  such a manner t h a t  t h e  

i n a c t i v e  d e p r e s s i o n  r e g i o n  (between ze ro  and 80 pe rcen t  of t h e  ca thode  

v o l t a g e )  can remain s h o r t  and t h e  a p e r t u r e  can  s t i l l  be made small.6 

l i k e l y ,  i t  w i l l  a l s o  be necessa ry  t o  use  low secondary y i e l d  s u r f a c e s  on t h e  

e l e c t r o d e s .  NASA has  r e p o r t e d  c o l l e c t o r  e f f i c i e n c i e s  w e l l  i n  excess  of 

Most 

90 pe rcen t  w i t h  a carbon coa ted  c o l l e c t o r ,  i n  a tube  

0.4 perv and backed o f f  from s a t u r a t i 0 1 - 1 . ~  The much 

t h e  961H, and small t r a j e c t o r y  a n g l e s ,  would make i t  

c o l l e c t o r  e f f i c i e n c y .  

w i th  a beam perveance of 

lower beam perveance i n  

easier t o  o b t a i n  h igh  
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5.0 CONCLUSIONS AND RECOMMENDATIONS 

Two 961H tubes were designed, built, and evaluated for this program consisting 
of a feasibility model that used a single-stage collector and an experimental 
model that incorporated the multistage collector. The RF performance of these 

tubes was in basic agreement with the electrical design calculations. 

demonstrated that a V-band tube using a coupled-cavity interaction circuit 

could be built at this peak power level with broad bandwidth. 

This 

Numerous mechanical design features, particularly those associated with the 

high-power, multistage, radiation cooled collector, were developed to success- 
fully fabricate the tubes. 

There was a problem with an oscillation at the upper cutoff frequency of a 

higher order mode associated with the circuit coupling slot, which prevented 

operation at the design cathode voltage. The circuit should be modified to 
shift the location of the slot mode passband to a range where it cannot inter- 
act at the desired operating voltage. 

The multistage depressed collector functioned fairly well, but its capability 

for efficiency enhancement was not fully evaluated because of low gun 

perveance, poor beam transmission and the limited testing time available 

before the circuit was damaged in test. 

cW operation was not obtained. We believe this failure is related to problems 

in the testing equipment and procedures, and not a basic thermal limitation of 
the tube design. 

Judging from the encouraging but incomplete test results obtained from the 

tubes built for this program, it is recommended that a follow-on development 
effort should be undertaken to refine the TWT design and build additional 
experimental 961H TWTs to fully demonstrate the design capability and 
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compliance t o  t h e  NASA s p e c i f i c a t i o n .  As a minimum, t h e  fo l lowing  modif ica-  

t i o n s  should be  made t o  ensu re  a v i a b l e  f l i g h t  model tube:  

1. The RF i n t e r a c t i o n  c i r c u i t  should b e  a d j u s t e d  t o  move t h e  s l o t  mode 

frequency range.  As h a s  been demonstrated,  t h i s  can  b e  accomplished 

by changing t h e  shape o f  t h e  coupl ing  s l o t .  

2 .  The mechanical  d e s i g n  of t h e  e l e c t r o n  gun should be  modified so t h a t  

t h e  tube can  b e  packaged t o  wi ths t and  t h e  f u l l  space environment 

requi rements .  

3 .  Some m o d i f i c a t i o n s  t o  t h e  c o l l e c t o r  e l e c t r o d e  c o n f i g u r a t i o n s  should 

be made, p a r t i c u l a r l y  on the  f i r s t  s t a g e ,  and e l e c t r o d e s  w i t h  low 

secondary emiss ion  y i e l d  should be  used. 
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A. 1 INTRODUCTION 

The 961H c o l l e c t o r  is  d i f f e r e n t  than  those  on most o t h e r  space-based TWTs i n  

t h a t  i t  must o p e r a t e  a t  r e l a t i v e l y  h igh  power l e v e l s  and d i s s i p a t e  most of  i t s  

h e a t  v i a  r a d i a t i o n .  A thermal  a n a l y s i s  of t h i s  c o l l e c t o r  was r equ i r ed  t o  

determine i f  t h e  r a d i a t i o n  c o o l i n g  would be s u f f i c i e n t  t o  keep key components 

below a l lowable  tempera ture  l i m i t s .  

This  r e p o r t  p r e s e n t s  t h e  r e s u l t s  of t h e  a n a l y s i s  f o r  r e p r e s e n t a t i v e  RF and DC 

thermal  power d i s s i p a t i o n  l e v e l s .  

PRECEDWG PAGE BFAPdK NOT FllMED 
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A.2 ANALYSIS TECHNIQUE 

The r a d i a t i o n  view f a c t o r s  were determined us ing  t h e  RENO computer code. 

F igu re  A.2-1 shows t h e  quarter-symmetry model and t h e  employed boundary 

c o n d i t i o n s .  

c o l l e c t o r  is n e g l i g i b l e  and was not  cons ide red .  Large, p e r f e c t l y  r e f l e c t i v e  

s u r f a c e s  were used as boundary p l a n e s  i n  t h e  model. The s p a c e c r a f t  s u r f a c e  

was a l s o  modeled as a l a r g e  s u r f a c e  (compared t o  the  c o l l e c t o r  i t s e l f )  w i t h  an  

e m i s s i v i t y  of  0.56. Th i s  v a l u e  was used i n  a p rev ious  thermal  a n a l y s i s  o f  t h e  

s i m i l a r  89911 TWT. The e x t e r n a l  c o l l e c t o r  s u r f a c e  e m i s s i v i t y  l e v e l  o f  0.85 was 

a l s o  ob ta ined  from t h e  899H a n a l y s i s .  

was achieved v i a  s p e c i a l  p a i n t - l i k e  c o a t i n g s  on the  e x t e r i o r  c o l l e c t o r  

s u r f a c e s .  

R a d i a t i o n  h e a t  t r a n s f e r  between t h e  i n t e r n a l  components of  t h e  

An e m i s s i v i t y  l e v e l  o f  t h i s  magni tude 

Although a q u a r t e r  model  w a s  adequate  for t h e  r a d i a t i o n  view f a c t o r  a n a l y s i s ,  

a h a l f  model was r equ i r ed  f o r  t h e  thermal  a n a l y s i s .  A f u l l  se t  o f  view 

f a c t o r s  f o r  t h e  the rma l  model was e a s i l y  obta ined  by r e f l e c t i n g  t h e  q u a r t e r  

model r e s u l t s  about a l a t e r a l  symmetry p l ane .  

The thermal  a n a l y s i s  was performed us ing  t h e  ANSYS f i n i t e  e lement  code. Basic 

h idden  l i n e  views o f  t he  model are  shown i n  F igu res  A.2-2 and A.2-3. 

Rad ia t ion  view f a c t o r s  determined i n  t h e  aforementioned RENO a n a l y s i s  are 

inc luded  i n  t h i s  model v i a  two mode r a d i a t i o n  e lements  ( n o t  shown f o r  

c l a r i t y ) .  

A s h o r t  s e c t i o n  of  t h e  o u t p u t  c i r c u i t  was modeled by computing a n  e q u i v a l e n t  

thermal  c o n d u c t i v i t y  and area f o r  the  numerous c i r c u i t  components. The 

c i r c u i t  magnets were n o t  inc luded  i n  t h e  c a l c u l a t i o n s  s i n c e  p rev ious  

c o r r e l a t i o n  s t u d i e s  on o t h e r  TWTs have shown them t o  be  l a r g e l y  i n e f f e c t i v e  

f o r  h e a t  t r a n s f e r .  Th i s  is due t o  t h e  r e l a t i v e l y  loose  f i t  of  t h e  magnets and 

t h e  r e s i s t a n c e  of  t h e  epoxy used t o  bond them between the  c i r c u i t  p o l e  p i e c e s .  

The " f ree"  end o f  t h e  c i r c u i t  ( t h e  model boundary) was l e f t  a d i a b a t i c .  

Leaving t h e  f r e e  end a d i a b a t i c  is a c o n s e r v a t i v e  assumption s i n c e  some h e a t  

would probably f low down t h e  c i r c u i t ,  thereby  producing s l i g h t l y  lower 

tempera tures  than  would be  p r e d i c t e d  by t h e  f i n i t e  e lement  model. Although 
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t h e  o u t p u t  c i r c u i t  area may a l s o  be  p o t t e d  w i t h  epoxy and/or  ad ip rene ,  t h e  

on ly  e x t e r n a l  h e a t  t r a n s f e r  p a t h  modeled was t h a t  r ep resen ted  by the  c i r c u i t  

f i n s .  These s h o r t  copper  f i n s  are brazed  between po le  p i e c e s  i n  t h e  c i r c u i t  

and clamped t o  t h e  b a s e p l a t e .  

The d e c i s i o n  n o t  t o  c o n s i d e r  any p o t t i n g  w a s  made p r i m a r i l y  because t h e  

o v e r a l l  package/vacuum assembly i n t e r f a c e  w a s  no t  comple te ly  de f ined  a t  t h e  

time o f  t h i s  a n a l y s i s .  I n  any c a s e ,  t h e  c i r c u i t  f i n s  r e p r e s e n t  t h e  major h e a t  

d i s s i p a t i o n  p a t h ,  and omiss ion  of t h e  p o t t i n g  i s  ano the r  c o n s e r v a t i v e  

a s s ump t ion.  

The g e n e r a l  t empera ture  boundary c o n d i t i o n s  f o r  t h i s  model are  s u m a r i z e d  i n  

F igu re  A.2-4. 

TWT the rma l  a n a l y s i s .  

of the c o l l e c t o r / b a s e p l a t e  i n t e r f a c e  as shown i n  F igure  A.2-4. I n  t h e  c a s e  o f  

t h e  c i r c u i t  f i n s ,  t h e  i n t e r f a c e  was modeled wi th  e lements  r e p r e s e n t i n g  t h e  

thermal  r e s i s t a n c e  o f  t he  f in l c l amp  and f i n l b a s e p l a t e  clamped j o i n t .  The 

thermal  i n t e r f a c e  c o e f f i c i e n t  of  1.6 W/in2-OC was a l s o  ob ta ined  from t h e  8998 

a n a l y s i s .  This  va lue  i s  probably  c o n s e r v a t i v e  because i n  p rev ious  ana lyses  

invo lv ing  clamped i n t e r f a c e s  wi th  s imi la r  parameters ,  t h e  c o e f f i c i e n t s  

determined were up t o  an o r d e r  of  magnitude g r e a t e r .  The c o l l e c t o r  f l a n g e  t o  

b a s e p l a t e  i n t e r f a c e  was modeled wi th  e lements  r e p r e s e n t i n g  e i g h t  Kovar b o l t s  

and Macor ( i n s u l a t i n g  m a t e r i a l )  washers.  The thermal  i n t e r f a c e  c o e f f i c i e n t  

between t h e  washers ,  b a s e p l a t e  and f l a n g e  was s e t  a t  0.8 W/in - C. Again, 

t h i s  v a l u e  was obta ined  from t h e  899H a n a l y s i s .  

They were obta ined  p r i m a r i l y  from t h e  p rev ious ly  mentioned 8998 

These tempera tures  were imposed on t h e  b a s e p l a t e  s i d e  

2 0  

Rad ia t ion  bu lk  tempera ture  boundary c o n d i t i o n s  were s e t  a t  -270C and 90°C, 

r e s p e c t i v e l y ,  f o r  r a d i a t i o n  t o  space  and t o  t h e  s p a c e c r a f t .  The space  bu lk  

tempera ture  was i n i t i a l l y  s e t  a t  -273OC ( a b s o l u t e  ze ro )  b u t  numerical  problems 

occurred  which forced  a change t o  t h e  s l i g h t l y  h i g h e r  tempera ture .  I n  o r d e r  

t o  check t h e  e f f e c t s  of  t h e  modif ied boundary tempera ture ,  a s o l u t i o n  a t  

-25OoC w a s  ob ta ined .  

d i f f e r e n c e s ,  so t h e  change from -273OC t o  -27OoC would c e r t a i n l y  be  

i n s i g n i f i c a n t .  

Comparison of  t h e s e  r e s u l t s  i n d i c a t e d  only  very  small 
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The thermal power d i s s ipat ion  l e v e l s  obtained from the 961H Project Manager 

are depicted in  Figures A . 2 - 5  and A . 2 - 6 .  
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A.3 THERMAL RESULTS 

Quan t i ty  / Heat Radiated 
Load Case t o  S p a c e c r a f t  

RF (213W) 18.6 W (8 .7%)  

DC (19OW) 21.4 w (11.3%) 

R e s u l t s  f o r  t h e  RF and dc load c a s e s  are shown i n  F igu res  A.3-1 and A.3-2. 

The dc load c a s e  produced the  maximum o v e r a l l  c o l l e c t o r  tempera tures  due t o  

t h e  concen t r a t ed  power d i s s i p a t i o n  on the bucket .  

t empera tures  were l o c a t e d  on t h e  rear c l o s u r e  p l a t e ,  w i t h  a peak of  344OC 

o c c u r r i n g  a t  t h e  i n t e r f a c e  between t h e  b e r y l l i a  i s o l a t o r  and t h e  p l a t e .  

The maximum e x t e r n a l  

Heat Conducted Heat Radiated 
t o  Space t o  Spac ec ra f t 

84.6 W (39.7%) 109.8 W (51.6%) 

22.5 W (11.8%) 146.1 W (76.9%) 

0 The maximum o u t p u t  c i r c u i t  t empera ture  o f  221 C occur red  f o r  t h e  RF load c a s e  

s i n c e  t h e r e  was no c i r c u i t  power d i s s i p a t i o n  i n  t h e  dc mode. Th i s  tempera ture  

cannot  b e  a s s o c i a t e d  w i t h  any p a r t i c u l a r  component of  the  c i r c u i t  as i t  i s  

only  an  ave rage  v a l u e  between t h e  i n n e r  and o u t e r  s u r f a c e s  o f  t h e  c i r c u i t .  

The 221OC tempera ture  is a l s o  a c o n s e r v a t i v e  (h igh)  v a l u e  due t o  t h e  

p rev ious ly  dec r ibed  c o n s e r v a t i v e  o u t p u t  c i r c u i t  model. 

F igu re  A.3-3 shows t h e  r e s u l t a n t  d i s t r i b u t i o n  of the RF and dc power load ings  

a t  t h e  v a r i o u s  thermal  boundar ies .  The thermal  power d i s s i p a t i o n s  are o f  

i n t e r e s t  from two s t a n d p o i n t s ;  t h e  o v e r a l l  d i s s i p a t i o n  of t o t a l  app l i ed  power 

and t h e  d i s s i p a t i o n  of t h a t  p o r t i o n  o f  thermal  power app l i ed  t o  t h e  c o l l e c t o r  

s t a g e s  ( i n t e r n a l  c o l l e c t o r  power). For the  l a t t e r  c a s e ,  of s p e c i f i c  i n t e r e s t  

i s  t h e  amount o f  i n t e r n a l  c o l l e c t o r  power t h a t  i s  conducted and/or  r a d i a t e d  

back t o  t h e  s p a c e c r a f t .  O v e r a l l  breakdown of  t h e  thermal  power d i s s i p a t i o n  

f o r  t h e  RF and dc load c a s e s  i s  s u m a r i e d  i n  Table  A.3-1. 

The d i s t r i b u t i o n  o f  i n t e r n a l  c o l l e c t o r  power i n  t h e  dc mode is the  same as 

t h a t  shown i n  t h e  t a b l e  s i n c e  a l l  o f  t h e  dc power is a p p l i e d  i n t e r n a l l y  t o  t h e  

c o l l e c t o r  bucke t .  I n  the  RF mode, t h e  t o t a l  i n t e r n a l  c o l l e c t o r  power can  b e  

TABLE A.3-1 

961H TOTAL THERMAI. POWER DISSIPATION DISTRIBUTION 
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determined by s u b t r a c t i n g  from t h e  t o a l  amount o f  a p p l i e d  power t h a t  amount 

which i s  conducted through t h e  c i r c u i t  f i n s ,  i .e. ,  213.0 W - 63.0 W = 150.0 W. 

Thus, the small p o r t i o n  o f  a p p l i e d  o u t p u t  c i r c u i t  power t h a t  i s  conducted 

through t h e  c i r c u i t  and c o l l e c t o r  f a c e  (10 p e r c e n t )  is  t r e a t e d  as i n t e r n a l  

c o l l e c t o r  power f o r  t h e  purpose  of  t h i s  r e p o r t .  Of t h i s  150 W, 21.6 W 

(14.4 p e r c e n t )  i s  conducted t o  t h e  s p a c e c r a f t  through the  f l a n g e  and b a s e p l a t e  

whi le  18.6 W (12.4 p e r c e n t )  is r a d i a t e d  t o  the s p a c e c r a f t  e x t e r n a l  s u r f a c e s .  

The remainder is r a d i a t e d  t o  space.  

That  on ly  a s m a l l  p o r t i o n  of  t h e  RF o u t p u t  c i r c u i t  power is conducted through 

t h e  f a c e p l a t e  is  due t o  the  r e l a t i v e l y  h i g h  r e s i s t a n c e  ( t h i n  s e c t i o n )  thermal  

pa th  a t  t h e  c o l l e c t o r  face lbody j u n c t u r e .  Th i s  was a d e l i b e r a t e  d e s i g n  

f e a t u r e  t h a t  a l s o  works w e l l  i n  t h e  dc mode, as on ly  9.4 W o r  5 p e r c e n t  o f  t h e  

i n t e r n a l  dc mode a p p l i e d  power w a s  conducted back i n t o  t h e  o u t p u t  c i r c u i t .  
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A.4 CONCLUSION 

An e x t e n s i v e  the rma l  a n a l y s i s  of  t h e  961H c o l l e c t o r  h a s  been peformed. 

Resu l t s  o f  t h e  a n a l y s i s  i n d i c a t e d  t h a t  a l l  t empera tures  a re  well w i t h i n  

a c c e p t a b l e  l i m i t s .  The a n a l y s i s  a l s o  proved t h e  f e a s i b i l i t y  of u s i n g  

r a d i a t i o n  h e a t  t r a n s f e r  as t h e  pr imary means o f  coo l ing  the  c o l l e c t o r .  

It was a l s o  shown t h a t  t h e  c u r r e n t  mechanica l  d e s i g n  of  t h e  c o l l e c t o r  

minimizes t h e  amount o f  h e a t  t r a n s f e r r e d  from the  c o l l e c t o r  body i n t o  t h e  

o u t p u t  c i r c u i t .  T h i s  d e s i g n  f e a t u r e  keeps t h e  o u t p u t  c i r c u i t  t empera tures  as  

low a s  p o s s i b l e  and minimizes i n t e r n a l  c o l l e c t o r  power backflow i n t o  t h e  

s p a c e c r a f t  . 
Although a s t r u c t u r a l  a n a l y s i s  was n o t  performed, t h e  g e n e r a l  d e s i g n  of  t h i s  

c o l l e c t o r  appears t o  b e  adequate by v i r t u e  of i t s  s i m i l a r i t y  t o  the  899H TWT 

c o l l e c t o r .  The 899H d e s i g n  has  been proven by both  test  and a n a l y s i s  t o  b e  

s t r u c t u r a l l y  sound. The f a c t  t h a t  t h e  961H may be  judged adequate  by 

comparison is f u r t h e r  s u b s t a n t i a t e d  by t h e  f a c t  t h a t  bo th  c o l l e c t o r s  

expe r i ence  s i m i l a r  T va lues .  
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